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Abstract 

Cellular migration toward a chemical gradient is chemotaxis and is a crucial biological 

function of embryonic development, immune response, and wound healing. On a cellular level, 

chemotaxis begins when a cell surface receptor binds a chemical messenger and transmits the 

signal across the plasma membrane. This signal transduction initiates the chemotaxis signaling 

network that culminates with cell polarization toward the chemical gradient and cellular 

protrusions in that direction. In Dictyostelium, two key players in this signaling network are 

thought to directly interact, RasC and mechanistic target of rapamycin complex 2 (mTORC2), 

and the work of this dissertation is to understand which residues of RasC play a role in this 

interaction. To this end, we designed mutations to RasC, expressed the mutant RasC proteins in 

Dictyostelium cells lacking rasC (rasC-), and analyzed the downstream effects. We found that 

mutation of A31 to aspartic acid prevents RasC activation by its guanosine exchange factor 

(GEF). We also found that disruption of membrane anchoring residues in the hypervariable 

region (HVR) prevents RasC from localizing to the membrane and participating in downstream 

signaling. Some residue changes in both the effector domain and allosteric domain of RasC 

disrupt chemotactic signaling and prevent Dictyostelium from developing and activating 

mTORC2 in the same way as RasCWT. We also began working on purification methods of RasC 

using both bacterial and Dictyostelium expression, and labeling RasC with a tetra-cysteine tag 

suitable for fluorescent labeling. This work on understanding the in vivo activity of RasC, 

purifying RasC from multiple expression vectors, and developing fluorescently tagged RasC has 

helped us understand the RasC-GEF interaction and has given insight into the RasC-mTORC2 

signaling pathway. We found that RasC does not express as a soluble product in bacteria, and 

that purification from Dictyostelium is difficult to scale. The work on fluorescently tagging RasC 

is ongoing.  
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Chapter 1: Introduction  

1.1 Cell migration and chemotaxis regulate multiple cellular processes 

Cellular movement is an important function of cells and plays a role in embryonic 

development, nutrient response, and immune response across a wide range of eukaryotes.1–3 

Understanding how cellular movement is controlled by cells is fundamental to understanding 

how cells function and how more complex eukaryotes evolved. Understanding how cellular 

movement is regulated also has implications with human diseases from bacterial infections and 

cancer metastasis.3–6 One aspect of cellular movement, the directional migration of cells, shows 

how cells sense and respond to their environment. Responsiveness of cells to their environment 

is important for embryonic development, wound healing, and infection response among other 

biological functions.1,3–5,7 Some of these forms of directional migration are regulated by 

chemical gradients that inform the cell of its environment. This type of migration is termed 

chemotaxis.6,8 Chemotaxis is involved with embryonic development, regulating organ 

development, and immune cells sensing and following bacterial cells during an infection. 

Chemotaxis is also responsible for immune response to inflammation and infection. 

Dysregulation of chemotaxis can be detrimental to health and plays a role in arthritis, asthma, 

and cancer cell metastasis and invasion.4–7,9,10 Because of the importance of understanding how 

chemotaxis is involved in these processes, understanding the mechanism of cellular signaling 

that regulates chemotaxis is necessary. As we understand how chemotaxis is regulated, the 

ability to develop therapeutic strategies to correct embryonic development and stop cancer 

metastasis is increased exponentially. 

Chemotaxis, the directional migration of cells along a chemical gradient, requires the 

cells to sense the gradient and its direction, signal appropriate cellular machinery to initiate 
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movement, and continue to respond to the gradient and persistently migrate along the 

gradient.7,8,11,12 This process begins most often with the chemical signal molecule binding a 

receptor on the cell surface. Receptor binding initiates a cascade of cellular signaling that results 

in actin polymerization on the internal plasma membrane surface, which pushes the cell toward 

the more concentrated portion of the chemical gradient.11,12 This response, signal cascade, and 

actin polymerization is shared between human neutrophils and Dictyostelium.11,12 Conservation 

between the signaling process of eukaryotes suggest that there is a shared signaling pathway that 

may regulate chemotaxis to multiple chemical triggers. Understanding each stage of the cellular 

signaling that is necessary to regulate chemotaxis is thus prudent so that more therapeutic targets 

can be identified.  

1.2: mTORC2 regulates chemotaxis 

A key kinase protein complex necessary for regulating neutrophil and Dictyostelium 

chemotaxis is the mechanistic target of rapamycin complex 2 (mTORC2).13–16 This complex is 

one of two closely related complexes that are formed from the same catalytic subunit and that 

regulate cell growth and metabolism more broadly (Fig. 1.1).17–19 These complexes, mTORC1 

and mTORC2, both contain the catalytic subunit, mechanistic target of rapamycin (mTOR) and 

mammalian lethal with SEC13 protein 8 (mLST8).17,20–22 The mTOR complexes get their name 

because mTORC1 was discovered first and is inhibited by a small molecule rapamycin, which 

inhibits mTORC1 in a specific manner.23–26 mTOR and mLST8 form the shared core of the two 

kinase complexes.27,28   
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Figure 1.1. Mammalian mTORC2 activation and signaling. Representative protein 
cartoon of the mTORC2 components, in active and inactive representations. Sin1 likely 
serves as a conformationally regulated steric inhibition of the mTORC2 active site and is 
shown this way. Known mTORC2 substrates and signaling pathways are briefly shown. 
IGF1R, insulin-like growth factor1 receptor. PKCs, protein kinase C family. Reproduced 
with permission from Journal of Cell Science.22 

AKT(protein kinase B), SGK-1 (Serum/glucocorticoid-regulated kinase 1), InsR (insulin 
receptor) 
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Studies suggest that mLST8 provides a scaffolding function for the complexes, and 

especially for mTORC2 because it has been shown that mLST8 can be dispensable for mTORC1 

function.20,29 mTORC1 additionally has the rapamycin sensitive, regulatory-associated protein of 

mTOR (RAPTOR) which completes its fundamental subunits.29,30 mTORC2, in addition to the 

two shared subunits, has rapamycin-insensitive companion of mTOR (RICTOR) and mammalian 

stress-activated Map kinase-interacting 1 (mSIN1).24,29,31,32 It is believed that mSIN1 also 

provides scaffolding functionality for mTORC2, but its role in substrate binding and subcellular 

localization, specifically membrane recruitment, are likely more critical.29 Neither RICTOR nor 

mSIN1 have full binding interaction with mTOR without the scaffolding provided by 

mLST8.20,21,27,29 Both mTOR complexes are regulated by DEP-domain-containing mTOR-

interacting protein (DEPTOR) and stabilized by the Tti1-Tel2 complex.33–35 mTORC1 also has 2 

proteins that are associated with RICTOR, PROTOR1 and PROTOR2, that can interact with 

mTORC2 in a RICTOR dependent manner.36–39 Determining the different proteins that form the 

mTOR complexes and, structurally observing these complexes has been difficult because they 

are large, have multiple proteins, and have many flexible segments. Recent low-resolution 

analysis of mTORC2 suggests that mTORC2 may form a homodimer of its complexed mTOR, 

mLST8, mSIN1, and RICTOR subunits (Fig. 1.1).22,27,28,40 Overall, more is known about 

mTORC1 than mTORC2 both in constituent protein subunits and how it is regulated.  

Whereas the first cellular role of mTORC2 identified was in regulating actin cytoskeleton 

reorganization, the best characterized molecular role of mTORC2 is the phosphorylation of AGC 

kinases, specifically AKT (Fig. 1.2).17,22,24,25,41  
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Figure 1.2. Model of Ras and PI3K regulation of mTORC2 phosphorylation of the 
HM of AKT. Illustration of proposed mTORC2 regulation mechanism by small GTPases 
and PI3K. Two receptor signaling mechanisms, seven transmembrane receptors and 
receptor tyrosine kinases, promote mTORC2 activity at the membrane. The activity of 
mTORC2 is likely regulated by Ras-GTP, Rap1-GTP, Rac1, and RhoA-GDP but the 
exact mechanism is still unknown. mTORC2 activity at the membrane is directed to 
AKT, whose plasma membrane localization is regulated by the PI3K-PDK1 signaling in 
mammalian signaling. Reproduced with permission from Journal of Cell Science.22 
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mTORC2 also phosphorylates the protein kinase C (PKC), and serum and glucocorticoid-

regulated kinase 1 (SGK1) enzymes in a similar manner, primarily mediated the phosphorylating 

at two motifs: the hydrophobic motif (HM) and the turn motif (TM).17,41 For AKT, the 

phosphorylation of S473 corresponds to the HM phosphorylation and this post-translational 

modification contributes to the activation of AKT.42,43 The downstream effects of 

phosphorylating S473 are varied and dependent, at least partially, on the stimulus and cell 

type.17,32,44–46 While mTORC2 is not susceptible to short-term rapamycin inhibition, it is 

inhibited by mTOR-selective pharmacological inhibitors (e.g. PP242, TORIN 1 and 2).47–54 

These small molecules inhibit the mTORC2 phosphorylation of AKT. When the phosphorylation 

of the HM of AKT was analyzed spatially within the cell, it was predominantly located at the 

plasma membrane (Fig. 1.2).22,55–61 This localization of mTORC2 activity is particularly 

noteworthy as I discuss mTORC2 location and function shortly. mTORC2 also phosphorylates 

AKT at the TM.62 This phosphorylation occurs while AKT is translated and mTORC2 interacts 

with the ribosome to achieve this phosphorylation. The TM phosphorylation is required to 

stabilize the nascent AKT polypeptide and, thus, causes an increased effective expression of 

AKT.62 By regulating AKT and the transcription factor, c-MYC, through an unknown role of 

mTORC2 in regulating the acetylation of another transcription factor, FoxO, mTORC2 plays a 

role in regulating glycolysis and the pentose phosphate pathway.17,63–66 In these mechanisms, 

phosphorylated AKT (pAKT) increases glucose uptake and the conversion of glucose to glucose-

6-phosphate by hexokinase 2.  

The activity of mTORC2 is regulated by multiple factors, one of which is its localization. 

As alluded to earlier, mTORC2 can be found throughout the cell, specifically the cytosol, 

nucleus, plasma membrane, endosome, Golgi, ribosome, lysosome, endoplasmic reticulum (ER), 
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and mitochondria.17,55,67–69 The identification of mTORC2 at the ER and mitochondria may be 

one and the same, with mTORC2 identified at the mitochondria-associated ER membrane, which 

constitutes an overlapping role between the two organelles.17,70–72 While we know that mTORC2 

is associated with the ribosome to phosphorylate the TM of AKT, the phosphorylation of the HM 

of AKT was only identified at the plasma membrane, mitochondria, and the endoplasmic 

vesicles.17,62,73 There is some data that supports the hypothesis that the pleckstrin homology (PH) 

domain of mSIN1, which interacts with phosphatidylinositol (3,4,5)-triphosphate [PI(3,4,5)P3] 

and is subsequently recruited to the membrane bringing with it the mTORC2 complex.17,60,61,74–76 

Only mTORC2 complexes with mSIN1 isoforms that have the PH domain are localized to the 

plasma membrane and this same population of mTORC2 is the only one that responds to insulin 

signaling.55,60,61 AKT is also recruited to the plasma membrane by phosphatidylinositol 3-kinase 

(PI3K) activation, which produces PI(3,4,5)P3 that interacts with the PH domain of AKT.77,78 

This explains, in part, why the phosphorylation of AKT at S473 occurs primarily at the plasma 

membrane and, to a lesser extent, membrane bound organelles.  

Outside of regulating the activity of mTORC2 by its location, the mSIN1 PH domain 

may act to auto-inhibit mTORC2 by binding the kinase domain and preventing substrate binding 

(Fig 1.1).22,60,76 It is hypothesized that, when the mSIN1 PH domain binds PI(3,4,5)P3, the auto-

inhibition is relieved and mTORC2 can be active. This regulation and recruitment of mTORC2 

to the membrane is still not fully accepted by the scientific community as other data show that 

mTORC2 is constitutively at the membrane and its activity is not modulated by structural 

elements of the mSIN1 PH domain.55 While mTORC2 has been shown to be constitutively active 

at the membrane, other evidence suggests a positive feedback loop where pAKT activates the 

kinase activity of mTORC2.17 There is no consensus between these two regulatory mechanisms. 
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Further complicating this is the role of active Ras (GTP-Ras) proteins in activating mTORC2. 

Competing evidence suggests that GTP-Ras activates mTORC2 via binding and activating PI3K, 

while other evidence suggest, that GTP-Ras may directly bind and activate mTORC2.22,79–85 The 

role of small GTPases binding mTOR complexes has multiple supporting evidence. First, the 

small GTPase Rheb binds and regulates mTORC1 while, recently, Rac1 has been shown to bind 

both mTORC1 and mTORC2 independent of whether it is bound to GTP or GDP.30,86–89 GTP-

Ras also seems to be able to bind both mSIN1 and the mTOR subunits of mTORC2.61,81 Another 

small GTPase, Rit, binds mSIN1 during oxidative stress and regulates mTORC2 activity.90 

Beyond the mammalian perspective, recent compelling evidence has shown that, for the model 

organism Dictyostelium, three small GPTases, Rap1, RasC, and RacE may all interact with 

mTORC2 independently or together in concert.80,82–85 The role that small GTPases, specifically 

RasC, play in interacting with mTORC2 in Dictyostelium is the primary focus of my dissertation.  

1.3: Ras protein function and regulation 

Ras proteins are part of a large superfamily of proteins that bind guanosine nucleotides 

and catalyze the hydrolysis of the gamma phosphate from GTP.91 These proteins, termed 

GTPases, serve as cellular binary switches.92,93 A key hallmark of cellular signaling, like that of 

machine signaling, requires binary results. The binary nature of logic, either machine or cellular, 

allows for the creation of two populations that can propagate through additional binary results 

and create innumerable results. In simplest terms, the binary function can be described as on or 

off. One of the ways that cells create this binary response is through G-proteins that bind a 

nucleotide molecule.92,93 

The nucleotide that binds these proteins has two states, GTP and GDP, separated by the 

addition of a single inorganic phosphate (Fig 1.3a).91,94–96 Of the G-proteins that bind guanosine 
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nucleotides, there is a family of proteins called Ras proteins. Ras proteins act as cellular switches 

and are canonically considered on/active when bound to GTP and are off/inactive when bound to 

GDP, because their interaction with other proteins is largely dependent on being bound to GTP. 

Ras proteins have two regions that are responsive to GTP/GDP, switch I (SWI) and switch II 

(SWII) (Fig. 1.3b).97 SWI consists of residues 30-38 of mammalian Ras, and SWII, residues 59-

76.91 These switches’ relative position to the protein core changes depending on the identity of 

the bound nucleotide.97–99 The T35 and G60 residues of Ras make hydrogen bonds with the γ-

phosphate of GTP and anchor the SWI and SWII in the active conformation, creating two 

distinct three-dimensional surfaces of the protein that are nucleotide dependent.97 Because 

protein surfaces are the main determinants of protein-protein interactions, a small molecule, 

GTP/GDP, determines the protein-protein interactions that Ras proteins are capable to engage in, 

creating two populations of effectors, one for the on state and one for the off state. Ras proteins 

act as switches for the cell, but they are ultimately classed as enzymes because they catalyze the 

hydrolysis of GTP to GDP. The hydrolysis of GTP by Ras, and thus Ras activity, is regulated by 

two protein families: 1) GTPase-activating proteins (GAPs) and 2) guanosine nucleotide 

exchange-factors (GEFs) (Fig 1.3a).100–103 RasGAPs bind Ras and increase the rate of intrinsic 

GTP hydrolysis, involving the stabilization of the Q61 residue on Ras, which in turn stabilizes 

the catalytic water molecule.91 Because of its role in binding Ras and stabilizing this catalysis, 

the GAP related domain of RasGAPs is highly conserved, whereas the other domains of the 

protein are more divergent. RasGEFs are also highly conserved and function by opening SWI, 

SWII, and a short loop, termed the P-loop (residues 10-17 of Ras) to allow for the bound 

nucleotide to escape and a new nucleotide to bind.98,99 This change in conformation effectively 

activates Ras because the concentration of cellular GTP is ~10 fold higher than that of GDP. 
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Figure 1.3. Ras structure. A) Ras proteins are enzymes that cleave the γ-phosphate of 
GTP. While they are enzymes that catalyze this reaction, they are inherently slow at 
catalysis, and require the aid of another protein class, GAPs, to hydrolyze the γ-
phosphate. Ras proteins tightly bind both GTP and GDP, so to remove the nucleotide, 
GEFs open the Ras protein and allow for nucleotide exchange. The distinct binary of 
binding partners allows Ras to act as a cellular “switch” that binds downstream effectors 
when it is bound to GTP and does not bind these effectors when bound to GDP. B) 
Predicted RasC structure. The key motifs and domains of Ras are shown here. Both 
SWI and SWII are part of the effector binding domain and play a role in the nucleotide 
binding pocket. The allosteric lobe is on the opposite surface of the protein structure 
and likely adjacent to the HVR. The HVR is modeled as loose coil because crystal 
structures are difficult to form when it is present. RasC’s structure was modeled using 
Robetta and the model was generated using UCSF Chimera.104,105  
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To relate the intrinsic ability of Ras to exchange or hydrolyze a nucleotide, Ras has a rate of t1/2 

= 6 min and koff = 2x10-3s-1 for GDP release, and a rate of t1/2 = 16 min and koff = 6x10-4 s-1 for 

intrinsic hydrolysis of the γ-phosphate of GTP.98 The relation of these two rates favors GDP 

bound Ras unless the exchange is stimulated by a RasGEF.  

Ras is a membrane anchored protein, meaning that it does not cross the membrane nor is 

it inherently within the membrane, but is constitutively associated with the membrane.106–108 Ras 

is anchored to the membrane predominantly through post-translational modification. On the 

carboxyl terminus of Ras, there is a CaaX motif that is the substrate for farnesyltransferases.107–

109 The farnesyltransferases covalently link a farnesyl lipid modification to the cysteine of the 

motif. The CaaX motif is made up of a cysteine followed by two aliphatic residues and followed 

by another residue whose identity is not constrained. The three residues C-terminal to the 

cysteine are then removed by Ras converting CaaX endopeptidase 1 to cleave the protein, 

leaving the cysteine as the last residue of the polypeptide chain.109–111 All Ras proteins are 

modified with a terminal cysteine farnesylation and some Ras isoforms are further modified with 

palmitoylation on other cysteines in the hypervariable region (HVR).91 The HVR is the ~20 

residues at the C-terminus of Ras that is highly variable across the Ras isoforms as shown in 

Figures 1.3b and 1.4. The palmitoylation and farnesylation act as membrane anchors for Ras 

because of their hydrophobic nature, which causes them to become buried in the 

membrane.107,108 Not all Ras isoforms require secondary lipid modifications, for instance, one 

isoform of mammalian Ras, KRas4b, also interacts with the membrane through a poly-lysine 

sequence N-terminal of the farnesylated cysteine (Fig. 1.4).112   
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Figure 1.4. Alignment of Dictyostelium RasC and RasG to human Ras isoforms. 
HRas, NRas, and the two KRas isoforms are very similar to each other and share the 
most similarity with RasG of Dictyostelium. Rheb and MRas are also included in this 
alignment as they may interact with mTOR either in mTORC1 or mTORC2 respectively. 
Whereas RasC and Rheb share some sequence identity where they diverge from the 
shared Ras identity, the roles that these residues play in mTORC binding are unknown. 
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Anchoring of Ras is so critical for mammalian survival that if the farnesylation of Ras by 

farnesyltransferases is inhibited, the CaaX domain can be modified by a geranylgeranyl 

transferase instead.113–116 The different Ras modification of the HVR play a role in Ras 

regulation with the different isoforms generally segregating into membrane 

microenvironments.117–121 The HVR also allows for the differential interaction of effectors with 

specific Ras isoforms, specifically Ca2+/calmodulin and cGMP phosphodiesterase gamma 

(PDEγ) which appear to exclusively interact with KRas4b.122–127 Recent evidence also suggests 

that there is a cantilevering motion of Ras in relation to the membrane that plays a role in 

regulating Ras signaling. This change in conformation may involve helix 4 and the HVR 

oscillating toward the membrane in a nucleotide dependent manner.106,128,129  

Scientific debate about the dimerization of Ras is ongoing, but, collectively, observations 

suggest that Ras forms dimers or some other multimeric structure.91 Early evidence suggested 

that wild-type Ras (RasWT) could inhibit the tumorigenic properties of Ras oncogenic mutants 

(Rasonco).130–134 This suppression was seen to be isoform specific, which suggests that not all Ras 

proteins may form dimers, or that they may form heterodimers. Recent evidence suggests that 

Ras groups together in nanoclusters on the membrane of 5-10 Ras monomers.135,136 The role of 

Ras dimerization is discussed briefly in these results and likely plays a role in mTORC2 

activation by Ras in Dictyostelium. Research into Ras interaction with effectors has primarily 

focused on an early identified canonical Ras effector domain, but this domain is so highly 

conserved among the mammalian Ras proteins and subfamilies that understanding why there are 

so many different Ras proteins is difficult to comprehend.91,137,138 In other words, how are the 

various Ras proteins identified by their discrete effectors if the effector binding domain is so 

highly conserved. The classical effector Ras interaction that is understood partially, includes the 
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surface comprising the SWI and SWII of Ras interacting with a Ras binding domain (RBD) of 

the effector.91 The RBD fits a general motif, but recent evidence suggest that the domain 

identified is more specific to a particular class of Ras effectors from the RAF kinase family.91 

Canonical Ras-effector binding is characteristic of the Ras-RAF kinases interaction that makes 

up a key step of that canonical pathway. While we know how canonical Ras-effector interactions 

are mediated, we do not know how non-canonical interactions are mediated, and, more 

importantly, our understanding of the effector specificity for the many different Ras proteins 

with high degrees of similarity is severely lacking.  

1.4: The role of Ras and mTORC2 signaling in Dictyostelium chemotaxis 

Dictyostelium is a model organism that is used to study the signaling pathways of 

chemotaxis and especially useful in studying the Ras-mTORC2 relationship.7,8,139,140 Ras and 

mTORC2 play a critical role in regulating chemotaxis of Dictyostelium and, at the initiation of 

this study, several parts of the pathway were already understood.80,82,82,139,141–148 Fig. 1.5 shows 

some of what was already known about the signaling network in Dictyostelium that was activated 

in response to the chemical extracellular signal cyclic adenosine monophosphate (cAMP). 

However, there is a missing link in understanding of how signal reception informs cell 

movement. It is well understood how the signal molecule cAMP binds the cAMP receptor cAR1 

and activates G protein signaling.149–154 G proteins then lead to the activation of the Sca1 

complex, a complex that scaffolds together at least two Ras GEFs, one of which is GEFA the 

RasC GEF, and subsequently RasC activation.140,142,145,146,155 Downstream of RasC, we knew that 

mTORC2 becomes activated.42,139,156 The link between RasC and mTORC2, however, was not 

well understood. Recent evidence suggested that the link between RasC and mTORC2 was a 

direct binding interaction.82 
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Figure 1.5. Dictyostelium mTORC2 signaling pathway. Solid arrows indicate a 
signaling effect. cAR1 is the G-protein coupled receptor (GPCR) that binds cAMP and 
initiates the signaling cascade. It is bound to the heterotrimeric G-protein,G2, which 
consists of Gα2, Gβ, and Gγ. The dissociation of the G-protein subunits activates at 
least 3 GEFs, which activate RasC, RasG, and Rap1. RacE is also changed in 
response to cAMP by phosphorylation and remains bound to GDP, but has a role in 
downstream activation of mTORC2. RacE, RasC, and Rap1 have all been implicated in 
regulating the activation of mTORC2 after cAMP stimulation and their specific roles are 
under scientific debates and the subject of this work. mTORC2 phosphorylates the 
proteins PKB and PKBR1, which activate adenyl cyclase A (ACA). ACA cyclizes ATP to 
cAMP and is part of the machinery that produces the cAMP gradient that is a hallmark 
of Dictyostelium chemotaxis. PKB is recruited to the membrane after binding of 
PI(3,4,5)P3 while PKBR1 is post-translationally modified and constitutively anchored to 
the membrane.  
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The overall aim of my work is to investigate this link and to understand what it is about RasC 

that makes this activation so specific. Indeed, Dictyostelium has many sequence similar Ras 

proteins that could activate mTORC2, but none of them can activate mTORC2 in the absence of 

RasC.141–144,148,156 Because these other proteins are unable to activate mTORC2 in the absence of 

RasC, this suggests that there is something uniquely specific about RasC activation of mTORC2 

that separates its signaling pathway from other Ras proteins.  

1.5: Dictyostelium as a chemotaxis model and the role of the RasC-mTORC2 signaling pathway 

Dictyostelium is a primitive eukaryote that, in nature, lives as a soil amoeba that ingests 

bacteria.8,157 Because of its diet of bacteria, Dictyostelium has developed robust chemotactic 

abilities to hunt bacteria and survive by forming spores when food is scarce (Fig. 1.6).151,157–163 

Dictyostelium is a single cellular organism with a small, 34 Mb, genome which is relatively easy 

to manipulate by gene disruption, silencing, or replacement, by homologous recombination.13 

Axenic Dictyostelium is also easy and inexpensive to culture at room temperature and can carry 

exogeneous plasmid DNA that readily express a wide variety of proteins of interest.164–166 When 

grown in the lab with ample axenic media, Dictyostelium cells can replicate every ~8-12 h.157 

Beyond the simplicity of growing and genetically manipulating Dictyostelium, it is also easily 

analyzed with both microscopic and biochemical techniques.167,168  

As part of its survival mechanism, Dictyostelium developed the ability to form spores and 

thus propagate through periods of low resources.157 This is particularly of note because 

Dictyostelium exists as a single cellular organism but, when starved, Dictyostelium cells 

aggregate together and form a multicellular structure termed a fruiting body. The fruiting body is 

a macroscopic structure that consists of a stalk and a round shaped sporangia.  
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Figure 1.6. Dictyostelium discoideum life cycle. During the growth phase, 
Dictyostelium lives as single cells and reproduces mitotically. When they are starved, 
the Dictyostelium cells aggregate and form fruiting body multicellular structures. The 
aggregation phase starts at ~6 h after starvation and this leads to the formation of 
cellular streams where cells move along a path that resembles a stream. Once enough 
cells have aggregated together, they form mounds, which tip over and become motile 
slugs. After the slug stage, they proceed to fruiting bodies with some cells forming the 
stalk, which lifts the spores off the surface and forms a mature fruiting body with spores 
that can then be dropped and become vegetative Dictyostelium cells again. The 
approximate time of the various stages are shown. Reproduced with permission from 
Nature Reviews Molecular Cell Biology.169  
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Dictyostelium cells are able to form these fruiting bodies by excreting a chemical messenger, 

cAMP, which alerts nearby Dictyostelium where to migrate.153 Not only does it allow for the 

aggregation of many Dictyostelium cells together, but the formation of a gradient allows for the 

Dictyostelium cells to work together to properly arrange into a mature fruiting body with 

spores.170–176 Once enough cells have aggregated together, 104-105 cells, the cells differentiate 

and form a multicellular slug.177 As differentiation continues, some cells become stalk cells and 

others migrate to form the head sporangia and spores. The developmental stages of Dictyostelium 

are shown in Fig. 1.6.169  

Dictyostelium uses two forms of chemotaxis to survive based on the environment. When 

bacteria are present, Dictyostelium uses the chemical signal folate to track the bacteria and then 

consume them.157,158,162 When there are no bacteria present, Dictyostelium transitions to the 

second chemotactic mode, where it senses cAMP secreted from other Dictyostelium cells and 

aggregate together to collectively form spores.157 These two modalities of chemotaxis are 

initiated by two distinct receptors that use the same downstream signaling pathways to regulate 

chemotaxis. These downstream effectors are hypothesized to be conserved with neutrophils and 

more broadly with metastatic cancer cells.15,144,178,179 The chemotactic signaling during starvation 

is easy to induce, and to do so in a consistent manner with large quantities of cells, and thus this 

modality is most studied and also the focus of my work.157  

The chemotactic signaling starts with the chemoattractant, cAMP, binding a G-protein 

coupled receptor (GPCR) cAR1 as shown in Fig. 1.5.150,151 GPCRs act to translate extracellular 

signals across the membrane and into cellular signals. GPCRs are seven transmembrane helical 

proteins that have ligand/effector binding sites on both sides of the plasma membrane.180,181 

GPCRs, when bound to their extracellular ligands undergo structural changes that translate 
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through the transmembrane helices and alters binding with cytosolic effectors. In Dictyostelium, 

when cAMP binds cAR1, this activates the associated heterotrimeric G protein, Gα2 and the Gβ-

Gγ subunits, and causes their dissociation.152,153,182 Dictyostelium has only one of each of the Gβ 

and Gγ subunits, but has 12 Gα subunits, with only one associated with cAR1.152,182 The 

bacterial hunting chemotactic modality uses a similar GPCR system that responds to folate, 

utilizing the folate receptor 1 (fAR1) and Gα4, but both pathways require the other G-protein 

subunits.178  

Once activated, the dissociated G protein subunits activate a few effectors, GEFR, GflB, 

and GEFA are some of these.183 These three proteins are RasGEFs that activate Ras proteins. 

GEFR activates RasG which activates the canonical Ras effector PI3K.184 GflB activates Rap1, 

and GEFA activates RasC.140,145 Rap1 and RasC together promote the activation of mTORC2 

leading to the mTORC2-dependent phosphorylation of protein kinase B (PKB) and PKB related 

1 (PKBR1), which are homologues of human AKT (Fig. 1.5).82,141,143,144 PKB, like AKT, has a 

PH domain that allows for both a cytosolic and membrane localization that is PI(3,4,5)P3 

dependent. PKBR1, however, is permanently anchored to the membrane by myristylation.185,186 

PKB and PKBR1 are also phosphorylated downstream of RasG through PI3K and pyruvate 

dehydrogenase kinase (PDK).147 PDK phosphorylates PKB and PKBR1 at the allosteric loop, 

and mTORC2 at the HM.187,188 Together, these phosphorylation events lead to the full activation 

of PKB and PKBR1, which then regulate the cytoskeleton and promote the activation of adenyl 

cyclase A (ACA).139,189 ACA cyclizes cAMP from ATP and is critical for the cAMP signal relay 

that allows for the aggregation and development of the starving Dictyostelium.16,190–194   
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Chapter 2: Investigating RasC-mTORC2 signaling in Dictyostelium 

2.1 Background on the RasC-mTORC2 interaction and RasC specificity 

Knockout of rasC from Dictyostelium lead to disruption of the cAMP signal relay and 

thus, Dictyostelium development is lost. Earlier work into studying this pathway attempted to 

identify the specificity of mTORC2 for RasC over other Dictyostelium Ras proteins, especially 

RasG. Researchers identified two key features of RasC that, when transferred to RasG allowed 

for either partial or full recovery of developmental defects of rasC null cells (rasC-) cells.148 

Bolourani et al. showed that A31 of RasC could not be exchanged for the RasG residue aspartic 

acid and still correctly develop.148 They also identified that residues in the C-terminal domain of 

RasC, RasC79-189, played a role in RasC signaling that was distinct from how those same residues 

in RasG allowed for chimeric RasC-RasG to signal. We were particularly interested in residue 31 

of RasC. This residue is highly conserved across other Ras proteins as shown in Fig. 1.4. 

Bolourani et al., while identifying this residue as critical for RasC function, suggested that this 

residue may play a role in RasC effector interactions, but did not investigate this further. To 

investigate what role this residue may have in RasC effector interactions, we developed three 

mutant versions of RasC to change the specific residue chemistries and investigated what effect 

these changes had on RasC signaling and mTORC2 regulation. We developed RasC mutants 

with A31D, A31K, and A31L mutations to provide a negative charge, positive charge, and small 

hydrophobic microenvironment, respectively (Fig. 2.1). We also developed some mutations in 

the RasC79-189 region that we thought may play a role in RasC signaling (Fig. 2.1). We mutated 

three positively charged (basic) residues to alanine, K138A, R164A, and K167A, which together 

we hypothesized were the residues most likely to be involved in ion bridges between two protein 

effectors on the Ras allosteric domain.   
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Figure 2.1 RasC domains and residues under study. A) Sequence alignment of 
RasCWT and RasCmutants. RasCmutants is a combined sequence showing the mutations 
used in this work and their relative sequence positioning. Overlapping mutations were 
omitted for clarity. Along the alignment, there is also a strand representation of both the 
predicted secondary structure of RasC and the consensus SWI and SWII loops. B) A 
predicted structure of RasC is shown and select mutation are highlighted to show the 
relative position of these mutation in the 3-dimensional protein structure. The effector 
domain is shown on the left with mutations A31, T36, E38, Y41, and E38, N39, S40 all 
part of SWI or just adjacent to it. Also shown is the Q62L mutation that was used to 
create constitutively active RasC mutations. The allosteric lobe is shown on the right-
side of the structure. Shown in green are the residues that may regulate allosteric 
effector interactions. The HVR is shown as loose coil and the three mutation groups are 
shown in yellow, orange, and magenta.   
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We also wanted to investigate the role that the HVR may play in the specificity of RasC 

compared to that of RasG; so, we created 3 sets of mutations within that region (Fig. 2.1). The 

first mutation in the HVR was C186A, which is the farnesylated cysteine of the CaaX motif. This 

mutation will prevent the post-translational modification of RasC that anchors it to the plasma 

membrane. We also identified two other possible membrane anchoring residues, one that is a 

very short mimic of the KRas4b poly-lysine motif and another region that is a series of polar 

residues just N terminal to that of the poly-lysine motif. The poly-lysine motif mimic, 

RasCHVRΔBasic, mutates: K182, K183, and R184, to alanine. The other HVR mutation, 

RasCHVRΔPolar, mutates: Q174, N175, E176, and E177, to alanine.  

Table 2.1 Summary of RasC mutations.  

MUTATION MUTATION DESCRIPTION 
RASC31D A31D. Mutation of alanine to negatively charged residue 
RASC31K A31K. Mutation of alanine to positively charged residue 
RASC31L A31L. Mutation of alanine to slightly larger hydrophobic residue 
RASC36A T36A. Residue implicated in Ras-mTORC2 binding 
RASC38A E38A. Residue implicated in Ras-mTORC2 binding 
RASC41A Y41A. Residue implicated in Ras-mTORC2 binding 

RASC38,39,40A E38A, N39A, S40. Residues adjacent to N39 that is conserved between Rheb and 
RasC 

RASCALLOΔBASIC K138A, R164A, K167A. Residues hypothesized to play a role in Ras allosteric lobe 
interactions 

RASCHVRΔPOLAR Q174A, N157A, E176A, E177A. Residues hypothesized to interact with the plasma 
membrane or allosteric lobe effectors. 

RASCHVRΔBASIC K182A, K183A, R184A. Positively charged residues expected to interact assist in 
RasC membrane anchoring. 

RASCHVRΔPRENYL C186A. Cysteine of the CaaX motif that is prenylated for membrane anchoring. 

CA-RASC Q62L. Residue that anchors catalytic water molecule and is necessary for efficient 
GTP hydrolysis that leads to constitutively active RasC. 
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Other work in Dictyostelium, that was published while our work was ongoing, has 

suggested that RasC may form a heterodimer with the Rho GTPase, RacE, and that the dimer, 

through RacE, may directly bind mTORC2.83–85 They identified two key residues of RasC, E157 

and R164, that were part of the dimerization interaction of RasC with RacE. One of these 

residues, R164, is the same as a residue that we mutated, hypothesizing that it may play a role in 

Ras binding of allosteric domain effectors. Also published while our work was underway, 

Kovalski et al. identified mammalian Ras and mTORC2 as functional proximal interacting 

proteins.81 They also validated this interaction by observing binding between Ras and mTORC2 

in vitro. They observed that the mutation T35A, E37A, and Y40A altered binding of Ras and 

mTORC2. T35A and Y40A caused a loss of binding with mTORC2 while E37A caused 

increased binding with mTORC2. After this was published, we decided to follow up this data by 

introducing the same mutations to RasC and observing the effects that they had on the RasC 

signaling pathway. RasC has a single residue addition early in its sequence, so when referring to 

these mutations of RasC, I will use the RasC numeration, T36, E38, and Y41 respectively. The 

Charest lab had previously investigated a mutation of N39 because RasC diverges from the Ras 

conserved sequence of mammalian Ras at this residue and shares identity with Rheb, as shown in 

Fig. 1.4. Rheb is known to bind mTORC1 and we hypothesized that this residue may play a role 

in this specificity. Early evidence with RasCN39A did not support this conclusion, but with the 

evidence from Kovalski et al. we decided to reinvestigate this by expanding the sequence 

disruption by mutating both residues adjacent to N39.81 We termed this mutation RasC38,39,40A, 

indicating that all residues were mutated to alanine (Table 2.1).  

To investigate these mutations of RasC, we generated constructs to express them as 

described in the Materials and Methods section and expressed these RasC mutants in rasC- cells. 
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To use as a control for our experiments, we expressed unmutated RasC (RasCWT) in rasC- cells 

and describe these cells as RasCWT:rasC-. The same nomenclature has been used to describe the 

mutant Ras expressed in rasC- cells. Given what was already known about the role of RasC in 

the cAMP signaling pathway and the evidence from the studies describing the RasC-mTORC2 or 

RasC-RacE interactions, we expect strong phenotypic disruptions to rasC- cells expressing 

mutant RasC variants. As shown in Sections 2.2-2.4, the results are complex and require multiple 

precise observation of the different portions of the RasC signaling pathway to understand. We 

examined the development of Dictyostelium cells as an easy way to diagnose RasC signaling as 

RasC is a vital component of the developmental signaling pathway. We also examined the 

activation of mTORC2 downstream of RasC and the activation of RasC itself.  

2.2 Role of A31 in RasC function 

To investigate the role that A31 plays in RasC signaling, I expressed three different 

mutant RasC proteins and RasCWT in rasC- cells. I first observed the phenotypic response of 

these cells during development, where rasC- cells do not develop fruiting bodies, but 

RasCWT:rasC- cells are able to develop fruiting bodies. Representative images of the fruiting 

bodies are shown in Fig. 2.2.  

The rasC- cells are uniformly distributed and lack any fruiting bodies or even early-stage 

aggregation structures like aggregation streams, fingers, or slugs. When we reintroduce RasCWT 

to the rasC- cells, the cells can overcome the developmental defect and can form fruiting bodies 

robustly (Fig. 2.2). Laboratory wild-type Dictyostelium cells (AX2), when plated for 

development on sodium and potassium phosphate agar plates, initiate aggregation within 6 h and 

culminate into fruiting bodies at 24 h.   
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Figure 2.2 Development phenotype of the A31 mutants. A) Two control cell lines 
were collected and starved on sodium potassium phosphate agar plates. These images 
were collected 24 h after the initiation of starvation. rasC- cells (C-) do not develop 
fruiting bodies whereas RasCWT:rasC- (WT) do develop fruiting bodies. B) rasC- cells 
expressing the various A31 mutant RasC are shown 24 h post starvation initiation. 
RasC31K:rasC- (RasC31K)and RasC31L:rasC- (RasC31L) develop fruiting bodies like 
RasCWT:rasC-. RasC31D:rasC- (RasC31D) cells are usually unable to develop fruiting 
bodies, but do sometimes develop them or the early stages of multicellular structures. 
This is independent of cellular density (not shown).  
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While AX2 cells form fruiting bodies, they are sensitive to developmental conditions like 

hydration and cellular density and the initial phases of aggregation can be more variable, but the 

formation of mature or late-stage fruiting bodies at 24 h is very consistent. This is especially true 

for RasCWT:rasC- cells, which I found to be more reproducible than the AX2 strain. Due to the 

clear indicators of successful aggregation at 24 h, I report development at 24 h for all mutants 

tested.  

2.2.1 Development of RasCA31 mutant expressing cells 

We reintroduced mutant RasC to rasC- cells and observed the developmental phenotype. 

RasCWT:rasC- cells are able to rescue the rasC- developmental defect and aggregate together and 

culminate into mature fruiting bodies at 24 h post starvation. We then attempted the phenotype 

rescue with A31 mutant RasC. RasC31K and RasC31L both rescue aggregation and fruiting body 

formation like RasCWT (Fig. 2.2B). At 24 h, most of the Dictyostelium cells have collected into 

fruiting bodies and the fruiting bodies have matured. RasC31D:rasC- cells are a different story 

altogether. Most of the replicates of the development resulted in cells that had not aggregated and 

were evenly distributed like rasC- cells (Fig. 2.2B). However, on some of the replicates, the cells 

aggregated partially and formed early-stage development structures like fingers or slugs at 24 h 

(Fig. 2.2B). When these were allowed to continue to develop, they would usually result in 

fruiting bodies by 48 h. While this inconsistency may be attributed to more densely plating the 

cells, even at lower density of cells this ability to produce partial rescue of scattered 

developmental structures was present. These results infer that if the residue at position 31 of 

RasC is negatively charged, then the cells are unable to aggregate and develop properly, but this 

deficiency is not absolute.  
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2.2.2 mTORC2 activity of RasCA31 mutant expressing cells 

Resulting inability to aggregate and develop could be a result of improper signaling of 

RasC to downstream effectors, thus, to determine the defect in RasC signal relay, we performed 

in vivo mTORC2 activity assays. In vivo mTORC2 activity assays use artificially developed cells 

that have been starved and treated with cAMP pulses every six mins for 5.5 h. This artificial 

development maximizes the cellular response to cAMP that is involved in WT cellular 

aggregation signaling and allows us to investigate the signaling cascade of an exogeneous cAMP 

stimulation. After RasCWT:rasC- cells are developed and treated with cAMP stimulation, they 

have a robust activation of mTORC2, which reaches maximal activity at 10 s and then returns to 

basal activity by 60 s. The activation of mTORC2 is measured by the phosphorylation of PKB 

and PKBR1, which are analogous to human AKT (PKB-T435; PKBR1-T470).139 The WB for 

the phosphorylation of these proteins is shown in Fig. 2.3a and Fig. 2.4a. I analyzed these results 

in two different ways: one, % of WT max., that normalizes to the largest amount of 

phosphorylated protein from the RasCWT:rasC- control experiment and two, fold/basal, that 

normalizes the % of WT max. values to the basal, 0 s timepoint, for each experiment. In my 

opinion both normalization methods are necessary to compare the comparative absolute result as 

well as the responsiveness compared to the basal phosphorylation. For rasC- cells we observe 

that the phosphorylation of both PKB and PKBR1 does not change in response to cAMP 

stimulation. This is true for both proteins when reported as % of WT max. and as fold/basal (Fig. 

2.3 and 2.4). For RasCWT:rasC- cells the phosphorylation pattern is stark in comparison. After 

cAMP stimulation, the phosphorylation of PKB and PKBR1 increases immediately at 5 s, 

continues to increase until 10 s, and then gradually returns to basal around 60 s.  
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Figure 2.3 mTORC2 phosphorylation of PKB in RasCA31:rasC-. A) Cells expressing RasC 
mutants were artificially developed and stimulated with cAMP, and the mTORC2 activity was 
analyzed by observing the phosphorylation of PKB. Representative western blots for the pPKB 
kinetics are shown. B) PKB phosphorylation was quantified by densitometry and normalized to 
total protein content with a blot for actin, as described in the Methods. Data was plotted as % of 
WT maximum and represent the average of at least 3 independent experiments +/- SD. C) Data 
was then normalized to the basal phosphorylation of PKB as in the Methods, and these data 
were plotted as fold/basal.  
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Figure 2.4 mTORC2 phosphorylation of PKBR1 in RasCA31:rasC-. A) Cells expressing 
RasC mutants were artificially developed and stimulated with cAMP, and the mTORC2 
activity was analyzed by observing the phosphorylation of PKBR1. Representative 
western blots for the pPKBR1 kinetics are shown. B) PKBR1 phosphorylation was 
quantified by densitometry and normalized to total protein content with a blot for actin, 
as described in the Methods. Data was plotted as % of WT maximum and represent the 
average of at least 3 independent experiments +/- SD. C) Data was then normalized to 
the basal phosphorylation of PKB as in the Methods, and these data were plotted as 
fold/basal.  
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The increase in phosphorylated PKB (pPKB) is only about 5 times the basal level while 

phosphorylated PKBR1 (pPKBR1) increases about 8 times the basal level. RasC31K:rasC- cells 

respond similarly to RasCWT:rasC- but characteristically have higher basal pPKB while the basal 

pPKBR1 follows RasCWT:rasC- more closely (Fig. 2.3, 2.4). The fold increase of RasC31K:rasC- 

is not as profound as RasCWT:rasC- due primarily to high basal pPKB levels. The change in 

phosphorylated PKB (ΔpPKB) of RasC31K:rasC- compared to RasCWT:rasC- is similar and 

suggests that the signaling for pPKB is functional and may have increased basal activity (Fig. 

2.24). The pPKBR1 profile of RasC31K:rasC- closely follows that of RasCWT:rasC- particularly 

when described by the % of WT max. While the basal pPKBR1 is not distinctly elevated 

compared to RasCWT:rasC-, the fold response of RasC31K:rasC- is about half that of the control 

cells and looks similar to that of rasC- cells (Fig. 2.4, 2.25). The change in phosphorylation of 

PKBR1 (ΔpPKBR1) tells a different story, which matches that of RasCWT:rasC- (Fig. 2.4, 2.25). 

Combined, these data, support the hypothesis that RasC31K is able to rescue the rasC- signaling 

defect and stimulate mTORC2 activity to a level that is similar to RasCWT.  

RasC31L:rasC- cells also respond to cAMP in a manner that is similar to RasCWT:rasC- 

cells. These cells, like RasC31K:rasC- cells, appear to have high basal pPKB (Fig. 2.3, 2.24). The 

pPKB levels increase in response to cAMP and have similar ΔpPKB and the 10 s pPKB level is 

similar to that of RasCWT:rasC-. The fold increase of pPKB for RasC31L:rasC- is about 3 times 

and while not quite the same level as RasCWT:rasC- the trend is the same. The phosphorylation 

of PKBR1 follows that of pPKB (Fig. 2.4, 2.25). Basal pPKBR1 is elevated compared to 

RasCWT:rasC- almost double. The stimulation response is robust and follows the trend of 

RasCWT:rasC- but with less than 5 fold increase compared to the almost 10 fold increase of 

RasCWT:rasC-. RasC31L:rasC- has a similar ΔpPKBR1 compared to RasCWT:rasC-. These data 
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are what we would expect based on how RasCWT:rasC- cells responded during development, 

suggesting that the residue at position 31 is not specific, required to be alanine, and changing to 

another similar sized hydrophobic residue seems to have minimal impact on the activity of RasC 

and its signaling pathway. Not only can this residue be replaced with a similar sized hydrophobic 

residue but substituting a positively charged amino acid also does not disrupt RasC signaling 

function. 

We assessed the phosphorylation of PKB and PKBR1 in RasC31D:rasC- cells and learned 

that the activation of mTORC2 is depressed. Visually the pattern of pPKB and pPKBR1, in 

terms of % of WT max., looks similar to RasCWT:rasC- but the stimulation response is 

consistently much lower (Fig. 2.3, 2.4). The basal pPKB and pPKBR1 are more like both 

positive and negative controls than it is to either of the other A31 mutations. We observe that the 

fold change of pPKB and pPKBR1 closely matches that of RasCWT:rasC- (Fig. 2.3, 2.4). The 

disparity between the fold/basal response and the % of WT max. suggests that the activation of 

mTORC2, leading to phosphorylation of PKB and PKBR1 and regulating aggregation, is not 

fold dependent as is the case for some protein signaling, but is perhaps regulated by a threshold 

activation of mTORC2 downstream of RasC. The stimulated intensity of pPKB, pPKBR1, 

ΔpPKB, and ΔpPKBR1 all only reach about half the intensity of RasCWT:rasC- (Fig. 2.3, 2.24, 

2.4, 2.25). Why the mutation of A31 to a negatively charged residue induces such a dramatic 

change in both the developmental phenotype and activation of mTORC2 is unclear but this 

evolutionary distinct mutation provides a key explanation of why RasC and RasG have distinct 

signaling pathways in response to cAMP and suggest an explanation of why the simple addition 

of mammalian Ras to Dictyostelium are unable to recover development and likely does not 

activate mTORC2 in response to cAMP.   
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2.3 Role of effector domain mutations in RasC function 

We investigated T36, E38, Y41, and a triple residue mutation comprising E38, N39, and 

S40. Of these mutations, all disrupted development, however the developmental defects caused 

by the Y41A mutation were less dramatic and allowed for the formation of fruiting bodies and 

other multicellular structures as shown in Fig. 2.5. RasC41A:rasC- cells were able to develop and 

form mature fruiting bodies. The other mutations had a profound effect on Dictyostelium 

development and did not produce any fruiting bodies or early-stage multicellular structures. 

When we observed the phosphorylation patterns of PKB in response to cAMP, we 

observed, interestingly, that RasC36A:rasC- and RasC41A:rasC- did not have the characteristic 

kinetic profile of mTORC2 activity like RasCWT:rasC- (Fig. 2.6). RasC38A:rasC- and 

RasC38,39,40A:rasC- did have the rapid increase from basal phosphorylation, with a peak at 10 s 

and return to basal by 60 s that is characteristic of a cAMP induced activation of mTORC2. 

When comparing the fold/basal response of pPKB, only RasC38,39,40A:rasC- had a response that 

followed the WT kinetic profile. However, the fold increase for RasC38,39,40A:rasC- was only 3 

fold compared to about 5 fold for RasCWT:rasC- (Fig. 2.6, 2.24). The basal amount of pPKB for 

RasC36A:rasC-, RasC38A:rasC-, and RasC38,39,40A:rasC- are similar to both RasCWT:rasC- and 

rasC-. RasC41A:rasC- however has a distinct lower basal value than does either control cell line 

(Fig. 2.24). The trend of basal phosphorylation seems to translate to the 10 s stimulated pPKB as 

well, either matching or remaining lower than that of rasC- cells. It is difficult to distinguish the 

fold responses of all the effector domain mutants from either that of RasCWT:rasC- or rasC- 

cells. This is likely due to the lower responsiveness of pPKB to cAMP stimulation observed in 

these western blots. This suggests that the phosphorylation of PKB has a narrower range of 

responses than does pPKBR1.   
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Figure 2.5 Development phenotype of the effector domain mutants. A) Two control 
cell line results are repeated from Fig 2.1. B) rasC- cells expressing the various effector 
domain mutant RasC are shown 24 h post starvation initiation. RasC41A:rasC- is the only 
mutation that develops fruiting bodies like RasCWT:rasC-. RasC36A:rasC-,RasC38A:rasC-, 
and RasC38,39,40A:rasC-, cells are unable to develop fruiting bodies.  
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Figure 2.6 mTORC2 phosphorylation of PKB in RasCEffector:rasC-. A) Cells expressing 
RasCEffector mutants were artificially developed and stimulated with cAMP, and the 
mTORC2 activity was analyzed. Representative western blots for pPKB of starved cells 
stimulated with cAMP are shown. B & C) Data represent the average of at least 3 
independent experiments and were quantified and plotted as described in Fig. 2.2.  
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Figure 2.7 mTORC2 phosphorylation of PKBR1 in RasCEffector:rasC-. A) Cells expressing 
RasCEffector mutants were artificially developed and stimulated with cAMP, and the 
mTORC2 activity was analyzed. Representative western blots for pPKBR1 of starved 
cells stimulated with cAMP are shown. B & C) Data represent the average of at least 3 
independent experiments and were quantified and plotted as described in Fig. 2.3.  
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The ΔpPKB matches the other measurements of pPKB with RasC38A:rasC- and 

RasC38,39,40A:rasC- have distinctly higher changes than do the other mutations, but these cell 

lines do not reach the level of change as seen in RasCWT:rasC-. The phosphorylation of PKBR1 

shares a similar pattern with the pPKB responses for RasC38A:rasC- and RasC38,39,40A:rasC-, with 

both cell lines showing an mTORC2 activation pattern (Fig. 2.6 & 2.7). Both of those mutations 

appear to have a faster return to basal levels of pPKBR1 than does WT but this could be due to 

the lower peak intensity of phosphorylation at 10 s. RasC41A:rasC- also had the pattern of 

activation and while pPKBR1 does not peak as much as RasCWT:rasC-, nor the other two 

mutants, RasC41A:rasC- seems to follow the return to basal levels of RasCWT:rasC- more closely. 

Comparing the fold response of pPKBR1 of these three mutations, they all have similar fold 

increase to that of RasCWT:rasC- with the fold change of RasC41A:rasC- being slightly more. In 

contrast to these three mutations that show some activation of mTORC2, RasC36A:rasC- has no 

apparent activation of mTORC2 in % of RasCWT max. nor fold/basal, and the phosphorylation 

pattern closely resembles that of rasC- cells. When comparing the basal pPKBR1 of these 

mutants, only RasC41A:rasC- stands outs as having a lower value than the other cell lines, but this 

does not likely rise to the level of significance. At the 10 s timepoint, RasC36A:rasC- is 

indistinguishable from rasC- cells and is clearly deficient in maximal pPKBR1. The other 

mutations are about halfway between rasC- and RasCWT:rasC- in intensity. Compared from the 

perspective of fold/basal, RasC36A:rasC- is again indistinguishable from rasC- while the other 

mutants reach comparable levels to RasCWT:rasC-. The ΔpPKBR1 tells the same story as the 10 

s stimulated value, with RasC36A:rasC- mimicking rasC-and showing minimal change in 

phosphorylation status due to cAMP and the other three mutations having a larger ΔpPKBR1 

that does not fully recover the RasCWT response (Fig. 2.7, 2.25). Together the data from the 
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developmental and mTORC2 activity assays tell an interesting story about the role the effector 

domain residues may play in RasC signaling and function.  

There is strong evidence that disrupting T36 prevents RasC from activating mTORC2 

and providing appropriate chemotactic response to cAMP. The residue E38 also appears to be 

deficient in creating appropriate chemotactic responses to allow for fruiting body formation. It 

seems that if  this residue is mutated individually or as part of a larger E38, N39, S40 mutation 

something is disrupted in the function. However, the evidence that it is due to improper 

mTORC2 activation is inconclusive. The mutations involving E38 do decrease the overall 

phosphorylation of PKB and PKBR1 by mTORC2 but do not alter the kinetic profile or fold 

response dramatically. Even the absolute phosphorylation of these proteins is not clearly 

deficient as it is with the T36A mutation. Mutation of Y41 also produces interesting 

combinatorial results. Supplementation of rasC- cells with RasC41A did not prevent development 

and, in some replicates, seemed to speed the fruiting body formation and the number of fruiting 

bodies present. RasC41A:rasC- however is distinctly poor at activating mTORC2 phosphorylation 

of PKB but can robustly activate mTORC2 to phosphorylate PKBR1. The separation of the 

phosphorylation response of these two proteins only appears with this mutation and is difficult to 

hypothesize why this may be the case. PKBR1 is constitutively anchored to the membrane while 

PKB can be located both in the cytosol or the membrane, depending on its translocation 

mediated by PI(3,4,5)P3, but conventionally it is believed to be at the membrane during 

Dictyostelium cAMP signaling response.  

2.4 Role of allosteric/HVR domain mutations in RasC signaling pathway 

Within the allosteric/HVR domain, we made four mutation groups, all but one of them 

including three or more residues. RasCAlloΔBasic mutates basic residues in the allosteric domain 
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some of which have been implicated in Ras dimerization and we hypothesized could be involved 

in salt bridge interactions between RasC and its effectors, in this case, components of mTORC2 

(Fig. 2.1). RasCHVRΔPolar mutates polar residues in the HVR that could be involved with 

membrane anchoring or effector binding. RasCHVRΔBasic mutates two Lys and an Arg just N-

terminal of the prenylation site of RasC that likely plays a role in membrane anchoring similar to 

the polyK region of mammalian KRas (Fig. 2.1). The last mutation is a deletion of the 

farnyslation site C186 that is critical for proper membrane attachment of Ras proteins 

(RasCHVRΔPrenyl).      

Observing the developmental phenotype of mutations in the allosteric/HVR domain revealed that 

RasCHVRΔPolar:rasC- cells are able to recover the developmental defect of rasC- cells and 

aggregate to form fruiting bodies (Fig. 2.8). RasCAlloΔBasic:rasC- cells were also able to partially 

rescue the phenotype and inconsistently aggregate and form multicellular structures (Fig. 2.8). 

They did not always aggregate, and when they did, they had not formed fruiting bodies by 24 h. 

Typically if the cells aggregated into multicellular structures by 24 h, they would continue to 

develop and form fruiting bodies by 48 h. Neither RasCHVRΔBasic:rasC- nor RasCHVRΔPrenyl:rasC- 

were able to aggregate and thus were unable to form fruiting bodies (Fig. 2.8).  

Next, we investigated the activation of mTORC2 in cells expressing these RasC mutants, and we 

saw that the phosphorylation of PKB is altered in cell lines expressing most of these mutants 

(Fig. 2.9 and 2.10). RasCHVRΔPolar:rasC- has a similar pPKB kinetic profile in both % of RasCWT 

max. and in fold/basal (Fig. 2.9). Both normalization techniques show that RasCHVRΔPolar:RasC- 

matches the pPKB response of RasCWT:rasC- in basal and 10 sec stimulated response, both in % 

of RasCWT max. and fold/basal. ΔpPKB of RasCHVRΔPolar:rasC- also shows the same 

responsiveness as RasCWT:rasC-.   

54



 

Figure 2.8 Development phenotype of the allosteric domain mutants. A) Two 
control cell line results are repeated from Fig 2.1. B) rasC- cells expressing the various 
allosteric domain mutant RasC are shown 24 h post starvation initiation. 
RasCHVRΔPolar:rasC- is the only mutation that develops fruiting bodies like RasCWT. 
RasCalloΔBasic:rasC- develops fruiting bodies intermittently where predominantly these 
cells cannot create fruiting bodies, but in a few replicates, fruiting bodies were seen. 
RasCHVRΔBasic:rasC- and RasCHVRΔPrenyl:rasC- cells are unable to develop fruiting bodies. 
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Figure 2.9 mTORC2 phosphorylation of PKB in RasCAllosteric:rasC-. A) Cells expressing 
RasCAllosteric mutants were artificially developed and stimulated with cAMP, and the 
mTORC2 activity was analyzed. Representative western blots for pPKB of starved cells 
stimulated with cAMP are shown. B & C) Data represent the average of at least 3 
independent experiments and were quantified and plotted as described in Fig. 2.2. 
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Figure 2.10 mTORC2 phosphorylation of PKBR1 in RasCAllosteric:rasC-. A) Cells 
expressing RasCAllosteric mutants were artificially developed and stimulated with cAMP, 
and the mTORC2 activity was analyzed. Representative western blots for pPKB of 
starved cells stimulated with cAMP are shown. B & C) Data represent the average of at 
least 3 independent experiments and were quantified and plotted as described in Fig. 
2.3.  
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In effect, there is not a distinguishing difference between how RasCWT and RasCHVRΔPolar can 

rescue the mTORC2 phosphorylation of PKB. The same cannot be said of RasCAlloΔBasic:rasC-; 

its kinetic profile is similar to that of RasCWT:rasC- but seems to more weakly activate the 

phosphorylation of PKB. When comparing the fold/basal kinetic profile, the activation is more 

pronounced, but does not reach the same intensity as RasCWT:rasC-. The basal pPKB is 

comparable between RasCAlloΔBasic:rasC- and RasCWT:rasC- while the 10 s stimulated pPKB is 

about 2/3 the signal of RasCWT:rasC-, independent of the normalization method. The ΔpPKB of 

RasCAlloΔBasic:rasC- is only 50% of that of RasCWT:rasC-.  

The phosphorylation kinetic pattern of PKB in RasCHVRΔPrenyl:rasC- shares the familiar 

peak and return to basal levels of RasCWT:rasC- but lacks intensity and, to some extent, the 

persistence of the control in both normalization methods. This is distinctly evident in the 

fold/basal where the 10 s peak average remains less than threefold while the RasCWT:rasC- is 

almost fivefold. The basal pPKB of RasCHVRΔPrenyl:rasC- is slightly elevated compared to both 

rasC- and RasCWT:rasC- cells, but the 10 s stimulation does not reach that of the stimulation 

seen in RasCWT:rasC-. The disparity in basal and 10 s stimulation intensity causes the ΔpPKB 

value of these cells to be comparable to that of rasC- and not that of the RasCWT rescue. Now, 

the mutation that has the starkest phosphorylation of PKB phenotype is that of 

RasCHVRΔBasic:rasC-. In both normalization approaches, these cells are indistinguishable from 

rasC- and have no peak in the pPKB kinetics. They have slightly elevated basal and 10 s 

phosphorylation but are well within the error of rasC- cells. There is no difference in the 

fold/basal, 10 s stimulation, nor the ΔpPKB compared to rasC-.  

We also examined the phosphorylation patterns of PKBR1 in response to cAMP for the 

allosteric/HVR domain mutants. For all of these mutants, pPKBR1 kinetics looks similar to that 
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of RasCWT:rasC-. In all the mutations there is the characteristic increase from basal and then a 

return to basal levels of pPKBR1. However, only RasCAlloΔBasic:rasC- and RasCHVRΔPolar:rasC- 

peak above 50% of the RasCWT max., with RasCHVRΔBasic:rasC- and RasCHVRΔPrenyl:rasC- 

remaining beneath this threshold for the entire 1 min window. Comparing the fold/basal 

normalization, all of the mutants perform comparably, with noticeable peaking compared to 

rasC-, but do not reach the level of fold increase seen in RasCWT:rasC-. The mutants reach ~5 

fold increase and the RasCWT rescue reaches ~8 fold that of basal. All the allosteric/HVR 

mutants have comparable basal pPKBR1 to that of rasC-. When analyzing the 10 s stimulated 

responses, RasCAlloΔBasic:rasC- and RasCHVRΔPolar:rasC- are about 50% of WT max. with 

RasCHVRΔBasic:rasC- and RasCHVRΔPrenyl:rasC- just below 50%. They all similarly have about 5 

fold increase at 10 s, which puts them about midway between the phosphorylation response of 

rasC- and RasCWT:rasC-. The ΔpPKBR1 for RasCAlloΔBasic:rasC- and RasCHVRΔPolar:rasC- is a 

change of about 50% of WT max. For RasCHVRΔBasic:rasC- and RasCHVRΔPrenyl:rasC- the 

ΔpPKBR1 is less than that but above the change in phosphorylation seen in rasC-.  

The observations from the developmental assay and the mTORC2 activation assay 

together suggest that there is a strong defect in RasC signaling for most of the allosteric/HVR 

RasC mutants. RasCHVRΔPolar:rasC- is the only mutant that is able to both develop fruiting bodies 

and have phosphorylation profiles that match that of RasCWT:rasC-. It is also the only mutant 

that has a similar level of phosphorylation of PKB and PKBR1 compared to RasCWT:rasC-. 

RasCAlloΔBasic:rasC- has an intermittent developmental phenotype and seems to be at least 

partially deficient in phosphorylation of PKB. The phosphorylation of PKBR1 may also be 

deficient but the levels and pattern more closely match that of RasCWT:rasC- than do the pPKB 

kinetics and intensity. Both RasCHVRΔBasic:rasC- and RasCHVRΔPrenyl:rasC- are unable to develop 
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and are strongly deficient in phosphorylation of PKB and PKBR1. They both are most 

responsive in the fold/basal pPKBR1, but this does not seem to be able to compensate for other 

deficiencies in signaling and proper mTORC2 activation. It is of note that both the 

RasCHVRΔBasic:rasC- and RasCHVRΔPrenyl:rasC- mutations are hypothesized to disrupt proper Ras-

membrane anchoring but are able to stimulate some phosphorylation of PKBR1, which is 

anchored to the membrane. RasCHVRΔBasic:rasC- is strongly deficient in activating 

phosphorylation of PKB even more so than PKBR1, even though PKB and RasCHVRBasic both 

should be present in the cytosol and could both theoretically be still responsive to cAMP 

activation.  

2.5 RasC activation in response to cAMP stimulation 

Thus far, we have observed how mutant RasC is able to rescue developmental and 

signaling pathways in Dictyostelium that are known to be mediated by RasC. These experiments 

are assumptive that mutant RasC is still able to be activated downstream of cAMP. To 

investigate this and to determine if mutating RasC disrupts RasC activation, Ras activity assays 

were conducted. Like the mTORC2 activity assays, cells expressing mutant RasC were 

artificially developed for 6 h and then were stimulated with cAMP. After stimulation, the cells 

were lysed on ice with inhibitors to halt protein degradation and enzymatic activity. Then, active 

RasC was pulled down with a GST tagged Ras binding domain from BYR2 (GST-BYR2). After 

pulling down with GST-BYR2, two samples were analyzed: one from the total lysate to measure 

the total amount of Ras in each timepoint; and one from the pulldown sample. Representative 

blots are shown in Fig. 2.11-2.13. rasC- cells were excluded from these experiments because: 

one, they lack RasC to be activated, and two, we used an anti-FLAG antibody to detect 

exogeneous RasC.   
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Figure 2.11 RasC activation in RasCA31:rasC-. A) Cells expressing RasCA31 mutants were 
artificially developed and stimulated with cAMP, and activation of RasC was observed by pulling 
down and blotting for RasC-GTP. Representative western blots for RasC-GTP are shown. B) 
RasC-GTP was quantified by densitometry and normalized to total RasC content, as described 
in the Methods. Data was plotted as % of WT maximum and represent the average of at least 3 
independent experiments +/- SD. C) Data was then normalized to the basal RasC-GTP as in the 
Methods, and these data were plotted as fold/basal.  
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Figure 2.12 RasC activation in RasCEffector:rasC-. A) Cells expressing RasCEffector mutants 
were artificially developed and stimulated with cAMP, and activation of RasC was observed by 
pulling down and blotting for RasC-GTP. Representative western blots for RasC-GTP are 
shown. B & C) Data represent the average of at least 3 independent experiments and 
were quantified and plotted as described in Fig. 2.10. 
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Figure 2.13 RasC activation in RasCAllosteric:rasC-. A) Cells expressing RasCAllosteric mutants 
were artificially developed and stimulated with cAMP, and activation of RasC was observed by 
pulling down and blotting for RasC-GTP. Representative western blots for RasC-GTP are 
shown. B & C) Data represent the average of at least 3 independent experiments and 
were quantified and plotted as described in Fig. 2.10.  

63



GST-BYR2 is able to bind most Ras proteins and, because RasG is also activated 

downstream of cAMP, using a Pan-Ras antibody would create non-specific signal from other 

activated Ras proteins. As shown in Fig. 2.11, the activation profile of RasC is similar to the 

phosphorylation profile of pPKB and pPKBR1. Initial Ras-GTP is low or completely inactive 

and this is followed by a rapid increase in Ras-GTP, peaking at 10 s. The rapid increase is 

followed by a slower return to basal levels that returns to basal levels at 60 s. For mutation of 

A31, we see that both RasC31K and RasC31L are rapidly activated in response to cAMP and 

change from a GDP to GTB bound state similar to the cellular response of RasCWT:rasC- (Fig. 

2.11). These cell lines reach RasC-GTP levels that equal or exceed that of RasCWT at 10 s and 

have the slow return to basal afterward of RasCWT:rasC-. RasC31D does not have a robust 

activation response to cAMP. It does appear to have a slight increase of RasC-GTP but does not 

approach the levels achieved by RasCWT. This is also acutely shown in the fold/basal response of 

RasC31D, where there is no appreciable increase of RasC-GTP above that of the basal level. We 

also looked at the change in Ras-GTP (ΔRas-GTP) and observed that only RasC31D had a 

significantly different and lower activation response compared to RasCWT.  

As we analyzed the effector domain mutants of RasC, we observed that all of these 

mutants showed: 1) low basal RasC activity; 2) no activation of RasC as analyzed using either 

normalization methods; and 3) a ΔRas-GTP of basically zero. Now, while RasC31D did not have 

a ΔRas-GTP value that would be considered significant, it did still have a slightly positive ΔRas-

GTP value. The value for that of the effector domain mutants was zero. All the effector domain 

mutants showed lower basal levels of RasC than that of RasCWT. They also had lower 10 s 

stimulated active RasC by both metrics of measuring stimulation. This gave us cause for concern 

because we knew that at least RasC41A should create a functionally activated RasC protein as 
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cells expressing it are able to develop fruiting bodies and activate mTORC2 phosphorylation of 

PKB and PKBR1, as shown previously. We know that BYR2 binds like a canonical Ras effector, 

thus it should not surprise to see alteration of the RasC effector domain having a detrimental 

effect on RasC-BYR2 binding.  

To investigate what affect the mutations have on the BYR2-RasC interaction, we created 

constitutively active RasC mutants using a Q62L mutation. We created constitutively active 

variants of RasC wild type (CA-RasCWT) and all RasC mutants, and we then transformed them 

into Dictyostelium. We than conducted a GST-BYR2 pulldown of vegetative cells and blotted to 

observe if the CA-RasC mutants could be detected in this manner. Our results show that, 

compared to RasCWT, CA-RasCWT is pulled down more effectively than the non-activated 

RasCWT (Fig. 2.14). The A31 CA-Ras mutants are all able to be detected when pulled down by 

GST-BYR2, as are CA-RasCAlloΔBasic, CA-RasCHVRΔPolar, and CA-RasCHVRΔBasic (Fig. 2.14). CA-

RasCHVRΔPrenyl is detectable by GST-BYR2 pulldown but, compared to the expression level, we 

would expect more of the CA-RasCHVRΔPrenyl to be detected. All the effector domain RasC 

mutants are unbale to be detected by GST-BYR2 pulldown. This directly correlates with the 

results we obtained from the active Ras assays, but highlights the reason no activation of 

RasC36A, RasC38A, RasC41A, and RasC38,39,40A was detected. We are unable to detect activated 

RasC of these mutants because our probe has become insensitive to their GTP binding state. Not 

only that, but these mutations seem to abolish BYR2-RasC binding (Fig. 2.14). While we did not 

do extended binding experiment to show this, the decrease basal Ras-GTP compared to RasCWT 

suggests that BYR2 has more deficient binding of stochastically activated RasC of these mutants.  
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Figure 2.14 Interaction of RasC mutants with BYR2-RBD. A) Cells expressing RasC 
mutants that also had a Q62L mutation were grown vegetatively and lysed. Binding of 
the expressed RasC mutants with BYR2 was measured and normalized as a 
percentage of CA-RasC (RasC62L). Also shown are representative WB of BYR2 bound 
RasC, Total RasC, and actin. B) The difference in binding affinity varied over a large 
range, so the RasC mutants were split into two groups and the graph scaled 
appropriately to show that some mutants are unable to bind BYR2 at the levels of 
RasCWT let alone CA-RasC. Some mutants also appear to bind BYR2 more readily than 
CA-RasC. Asterisks represent Mann-Whitney analysis compared to RasCWT.   
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We did not conduct longer incubation of GST-BYR2 with the CA-RasC mutants to investigate 

the ability of GST-BYR2 to bind with RasC-GDP, which occurs when RasCWT lysate is 

incubated with GST-BYR2 for more than 4 h. Because BYR2 has been previously shown to be 

the only Ras binding domain to effectively pull down RasC, we did not investigate other Ras-

GTP probes that may have some affinity for these RasC mutants.  

While the effector domain mutants do not bind GST-BYR2, those of the allosteric/HVR 

do bind GST-BYR2. So, we examined the Ras-GTP assay results and we observed that 

RasCAlloΔBasic and RasCHVRΔPolar have an activation kinetic profile that is similar to RasCWT (Fig. 

2.13). RasCHVRΔPolar does not have as robust of an activation as wild type, but it does show 

profile similarities. Although the RasCHVRΔPolar does not have a robust activation profile in the % 

of WT max. quantification method, it does in the fold/basal and matches the RasCWT activation 

closely. The activation of RasCAlloΔBasic in fold/basal does not have the activation peaking and 

return to basal levels that we would expect. Now, this effect is likely due to the high basal 

amount of GTP-RasCAlloΔBasic, which is almost double that of RasCWT. The 10 s stimulation 

response of RasCAlloΔBasic was minimal in fold/basal but has a similar value to RasCWT in % of 

WT max. The ΔRas-GTP value for both RasCAlloΔBasic and RasCHVRΔPolar is less than that of 

RasCWT, but has a moderate value above those mutants that do not bind BYR2 and even that of 

RasC31D. The RasC mutants that are hypothesized to disrupt RasC membrane anchoring, 

RasCHVRΔBasic and RasCHVRΔPrenyl, do not have an activation of RasC profile in either 

normalization method. They both have low basal and low 10 s stimulated values and have nearly 

nonexistent ΔRas-GTP. These observations suggests that these mutations prevent the activation 

of RasC by the Sca1 complex.  
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Thus, we learned that mutating the effector domain of RasC causes profound disruption 

of the GST-BYR2 RasC interaction. This suggests that the activation of the mutant RasC may be 

also affected by disrupting RasC-GEF interaction, but we can say this is not always the case 

because, while RasC41A is unable to bind GST-BYR2, it must be activated in order to induce 

mTORC2 activation and Dictyostelium development. We have also learned that if the A31 of 

RasC is mutated to Asp, it cannot be activated by the Sca1 complex, but this mutant retains the 

ability to bind BYR2. This evidence provides compelling support for the role of A31 in RasC 

specific regulation. It would be interesting to investigate A31K and A31L mutants in cells 

lacking Sca1 function and determining if these mutants are activated in response to the RasC 

specific GEF or are activated by an alternative GEF. While the 31 residue is clearly important for 

RasC GEF activity and, potentially specificity, we hypothesize that RasC31D can be activated by 

the RasG GEF, due to this residue change. However, for some reason, it is not activated by the 

RasG GEF in response to cAMP, so there must be some other level of specificity for RasC 

activation beyond A31, perhaps localization segregation or additional residues of specificity. We 

can also conclude that because RasC31D is deficient in RasC activation in response to cAMP, the 

effects downstream of this, i.e. the deficient mTORC2 activation and developmental delays, are a 

direct result of this disruption. It is perhaps more interesting that there is any ability of 

RasC31D:rasC- cells to develop intermittently where conventionally this would be impossible 

without proper RasC activation. It is not possible to make similar conclusions about the effector 

domain mutants because we are unable to visualize their activation.  

Disruption of the AlloΔBasic and the HVRΔPolar residues does not seem to play as 

important a role in RasC activation as do some of the other residues. These mutants display 

activity profiles with similar strength and timing to that of RasCWT (Fig. 2.13). This is interesting 
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when combined with the data from developmental and mTORC2 activity assays, where 

RasCAlloΔBasic can develop occasionally and has only partial mTORC2 activity function. In this 

instance, the cellular functional activity of RasC may be more dependent on a fold response than 

does pPKB or pPKBR1, with many fold change in GTP-RasC to be necessary for downstream 

signaling. This could be related to the ability of Dictyostelium to adapt to increasing levels of 

cAMP and maintain directional sensing and responsiveness. 

2.6 RasC localization 

Membrane localization does seem to be important for proper RasC activation as both 

mutations that should delocalize RasC from the membrane cause disruptions in RasC activation. 

This is likely a contributing factor to why cells expressing these mutants are unable to activate 

mTORC2 or undergo proper development. But we cannot comment on what role membrane 

localization plays in the regulation of RasC signaling and function. It appears, in opposition to 

the activation of RasC data and hypothesized location of mutant RasC, that RasCHVRΔBasic:rasC- 

and RasCHVRΔPrenyl:rasC- cells have some ability to stimulate mTORC2 phosphorylation of 

PKBR1 as mention previously (Fig. 2.9, 2.10, 2.13, 2.15).  

To understand how mutating RasC affected the localization of RasC we adapted a 

membrane localization assay in which we separated the membranes from the cytosol by 

centrifugal fractionation. We used RasCWT as a localization control because Ras proteins are 

expected to be permanently anchored to membranes. For our purposes, if RasC was anchored at 

the plasma membrane or an organelle membrane, it was immaterial. To describe the relationship 

between membrane and cytosol fractions, the amount quantified was corrected so that the 

membrane fraction measure represented an equal concentration of the cytosol RasC sample.   
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Figure 2.15 Effect of RasC mutations on its membrane localization. A) Cells 
expressing RasC mutants were collected during growth phase and after cell lysis were 
fractionated to separate the organelles, cytosol, and membranes. The cytosolic and 
membrane fractions were analyzed by western blot and quantified. B) A representative 
WB from these experiments is shown. Asterisks represent Mann-Whitney analysis 
compared to RasCWT.  
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The measured amounts of membrane and cytosol RasC were summed to describe a total of RasC 

detected and each fraction is described as a % of total Ras. RasCWT was highly enriched in the 

membrane fraction, as expected, with about 80% of the total RasC detected in the membrane 

fraction (Fig. 2.15). Most of the RasC mutants had equivalent percentages of their total RasC at 

the membrane, except for RasCAlloΔBasic, RasCHVRΔBasic, and RasCHVRΔPrenyl. All three of these 

mutants have a decreased proportion of RasC at the membrane compared to RasCWT. 

RasCAlloΔBasic has about 60% of its RasC in the membrane fraction. This surprised us, as we did 

not hypothesize that there would be any change in the membrane localization of this mutant. This 

could play a role in the partial ability of this mutant to rescue RasC function, activity, and 

signaling. In addition to this mutant, both the RasCHVRΔBasic and the RasCHVRΔPrenyl mutations 

caused severe RasC localization defects. The RasCHVRΔBasic mutant only has 50% of the total 

RasC localized in the membrane fraction while the RasC 25% of its total RasC localized there. 

These results were expected and the RasCHVRΔPrenyl mutant results validates our protocols 

efficacy at detecting separate membrane and cytosol fractions. It is also not surprising that the 

RasCHVRΔPrenyl mutant is the most deficient in localization. Prenylation of Ras is the primary 

anchoring mechanism of Ras-membrane interactions.  

2.7 Effect of CA-RasC on mTORC2 activation in rasC- cells 

After learning that some mutants were deficient in RasC activation in response to cAMP 

we thought to investigate if expressing CA-RasC mutants was able to allow for RasC function 

downstream of cAMP. To this end, we expressed the CA-RasC mutants and observed their 

mTORC2 activity as reported by the phosphorylation of PKB and PKBR1. As seen in Fig. 2.16-

2.21, we do not observe any of the characteristic peaking and return to basal levels that we 

expect for mTORC2 activation in response to cAMP.   
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Figure 2.16 mTORC2 phosphorylation of PKB in CA-RasCA31:rasC-. A) Cells 
expressing CA-RasC mutants were artificially developed and stimulated with cAMP, and 
the mTORC2 activity was analyzed. Representative western blots for pPKB of starved 
cells stimulated with cAMP are shown. B & C) Data represent the average of at least 3 
independent experiments and were quantified and plotted as described in Fig. 2.3.  
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Figure 2.17 mTORC2 phosphorylation of PKBR1 in CA-RasCA31:rasC-. A) Cells 
expressing CA-RasC mutants were artificially developed and stimulated with cAMP, and 
the mTORC2 activity was analyzed. Representative western blots for pPKBR1 of 
starved cells stimulated with cAMP are shown. B & C) Data represent the average of at 
least 3 independent experiments and were quantified and plotted as described in Fig. 
2.3.  

73



Figure 2.18 mTORC2 phosphorylation of CA-PKB in RasCEffector:rasC-. A) Cells 
expressing RasCEffector mutants were artificially developed and stimulated with cAMP, 
and the mTORC2 activity was analyzed. Representative western blots for pPKB of 
starved cells stimulated with cAMP are shown. B & C) Data represent the average of at 
least 3 independent experiments and were quantified and plotted as described in Fig. 
2.3.  
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Figure 2.19 mTORC2 phosphorylation of PKBR1 in CA-RasCEffector:rasC-. A) Cells 
expressing RasCEffector mutants were artificially developed and stimulated with cAMP, 
and the mTORC2 activity was analyzed. Representative western blots for pPKBR1 of 
starved cells stimulated with cAMP are shown. B & C) Data represent the average of at 
least 3 independent experiments and were quantified and plotted as described in Fig. 
2.3.  
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Figure 2.20 mTORC2 phosphorylation of PKB in CA-RasCAllosteric:rasC-. A) Cells 
expressing RasCAllosteric mutants were artificially developed and stimulated with cAMP, 
and the mTORC2 activity was analyzed. Representative western blots for pPKB of 
starved cells stimulated with cAMP are shown. B & C) Data represent the average of at 
least 3 independent experiments and were quantified and plotted as described in Fig. 
2.3.  
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Figure 2.21 mTORC2 phosphorylation of PKBR1 in CA-RasCAllosteric:rasC-. A) Cells 
expressing RasCAllosteric mutants were artificially developed and stimulated with cAMP, 
and the mTORC2 activity was analyzed. Representative western blots for pPKB of 
starved cells stimulated with cAMP are shown. B & C) Data represent the average of at 
least 3 independent experiments and were quantified and plotted as described in Fig. 
2.3.  
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Figure 2.22 Summary of mTORC2 phosphorylation of PKB in CA-RasCMutant:rasC-. 
Data shown is the average of at least 3 independent experiments with +/- SD. A 
comparison of the basal and 10 s post cAMP stimulation values are shown in A) & B) 
respectively. Statistical test shown here represent comparisons to RasCWT:rasC- cells. 
C) The fold/basal comparison between mutants is shown. D) Measurement of the 
change in pPKB normalized to the % of WT maximum. This was generated by pairwise 
subtraction of the basal value from the 10 s value from a single experiment those values 
combined to show a ΔpPKB value for each mutant.   
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Figure 2.23 Summary of mTORC2 phosphorylation of PKBR1 in CA-
RasCMutant:rasC-. Data shown is the average of at least 3 independent experiments 
with +/- SD.A comparison of the basal and 10 s post cAMP stimulation values are 
shown in A) & B) respectively. Statistical test shown here represent comparisons to 
RasCWT:rasC- cells. C) The fold/basal comparison between mutants is shown. D) 
Measurement of the change in pPKBR1 normalized to the % of WT maximum. This was 
generated by pairwise subtraction of the basal value from the 10 s value from a single 
experiment those values combined to show a ΔpPKBR1 value for each mutant.  
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None of the CA-RasC mutants can recover the tightly regulated activation and inactivation of 

mTORC2 like that of RasCWT. It is hard to clearly make conclusions from the data because it is 

highly variable, but there does seem to be some deviation in how some cells expressing mutants 

allow for mTORC2 activity. 

CA-RasC:rasC- cells are very similar in pPKB and pPKBR1 profile and kinetics to rasC- 

cells and suggest that CA-RasC does not induce mTORC2 activity alone nor after cAMP 

stimulation (Fig. 2.16-2.17). The data from the pPKB is highly variable and should not be used 

to make any inferences, but if we look at the results from pPKBR1, we can see that some trends 

arise (Fig. 2.17, 2.19. 2.21). First, in the pPKBR1 kinetic profile, it seems that both CA-

RasC38A:rasC- and CA-RasCHVRΔBasic:rasC- cells have some increase and peaking followed by 

some return to basal levels. While characteristically different than that of RasCWT:rasC- cells, the 

kinetic profile of pPKBR1 follows a similar pattern. When we compared the basal 

phosphorylation of PKBR1 (Fig. 2.23), we see that CA-RasC31D:rasC- , CA-Ras38A:rasC- , CA-

RasC38,39,30A:rasC-, CA-RasCAlloΔBasic:rasC-, and CA-RasCHVRΔBasic:rasC- have higher basal 

pPKBR1 than rasC-, RasCWT:rasC-, and CA-RasC:rasC- cells. CA-RasC36A:rasC- has a lower 

basal pPKBR1 than both RasCWT:rasC- and CA-RasC:rasC- and is more similar to rasC- cells. 

CA-RasCHVRΔPrenyl:rasC- basal pPKBR1 matches that of RasCWT:rasC- and CA-Ras:rasC-. A 

similar trend appears when we compare the stimulation, 10 s pPKBR1 values, with the exception 

that RasCWT:rasC- no longer matches that of CA-RasCWT:rasC-. Only CA-RasC38A:rasC- and 

CA-RasCHVRΔBasic:rasC- appear to have a ΔpPKBR1 that would suggest actual activation from 

basal to stimulated that is different than the activation seen in CA-RasCWT:rasC-. Together these 

experimental results paired with those previously reported suggest that RasC38A, and to a lesser 

extent, RasC38,39,40A, and RasCAlloΔBasic are able to partially activate mTORC2. Disruption of 
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proper RasC activation of RasC38A and RasC38,39,40 may play a role, but we are unable to identify 

that due to their disrupted binding with GST-BYR2.  

The increase in basal pPKBR1 compared to CA-RasC of CA-RasC31D, CA-RasC38A, CA-

RasC38,39,40A, CA-RasCAlloΔBasic, and CA-RasCHVRΔBasic suggest that these mutants may have 

increased affinity for mTORC2 and induce its activation without stimulation by cAMP. The 

converse is true, where RasC36A does not show an increase but a decrease in basal pPKBR1 and 

is more similar to rasC- cells than to those of RasCWT:rasC-. This suggests that RasC36A may 

have decreased interaction with mTORC2 and may even have completely disrupted it. Harder to 

hypothesize on is the fact that RasCHVRΔPrenyl:rasC- cells do not behave like rasC- but mimic 

cells with RasCWT and CA-RasC. These data suggest that CA-RasC does not need to be 

membrane anchored to activate mTORC2 and cause an increased basal pPKBR1. This is 

supported by the other mutation that disrupts proper membrane localization, CA-RasCHVRΔBasic, 

which follow those mutants that appear to increase the basal phosphorylation of PKBR1. These 

data also support the hypothesis that RasC31D is primarily deficient in RasC activation, but this 

residue is not implicated in the RasC-mTORC2 binding.           

2.8 Mutant RasC results summary and statistics 

Thus far I have presented the data in such a way to highlight the stimulation profile and 

kinetic responsiveness of our results, here I attempt to simplify this more nuanced interpretation 

of the results with a focus on four primary criteria. I examined the basal activity, 10 sec activity, 

fold activity, and the change in activity, 0 sec to 10 sec. For the activity of mTORC2 in response 

to cAMP, these results are shown in Fig. 2.24 and 2.25. The p-values of Mann-Whitney 

statistical tests are reported in Table 2.2 and 2.3 respectively. As shown in these figures and 

tables, two statistical comparisons were conducted.  
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Figure 2.24 Summary of mTORC2 phosphorylation of PKB in RasCMutant:rasC-. 
Data shown is the average of at least 3 independent experiments with +/- SD. A) Basal 
pPKB. B) 10 s pPKB. C) Fold/basal pPKB. D) ΔpPKB. Data was quantified and plotted 
as in Fig. 2.22. * represent Mann-Whitney analysis compared to rasC- cells and † analysis 
compared to RasCWT:rasC- cells.  
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Figure 2.25 Summary of mTORC2 phosphorylation of PKBR1 in RasCMutant:rasC-. 
Data shown is the average of at least 3 independent experiments with +/- SD. A) Basal 
pPKBR1. B) 10 s pPKBR1. C) Fold/basal pPKBR1. D) ΔpPKBR1. Data was quantified 
and plotted as in Fig. 2.22. * represent Mann-Whitney analysis compared to rasC- cells 
and † analysis compared to RasCWT:rasC- cells.  
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Table 2.2 P-values for pPKB. 
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Table 2.3 P-values for pPKBR1. 
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Cells expressing mutant RasC were compared separately to rasC- and RasCWT:rasC- cells. These 

two comparisons allowed us to identify which mutants performed as if there were no RasC in the 

cells or like cells expressing RasCWT. In Fig. 2.24 and 2.25, significant differences when 

compared to rasC- cells are shown with asterisks and those significant differences when 

compared to RasCWT:rasC- are shown with a dagger. From these comparisons, we see that cells 

expressing A31K has increased basal activation of mTORC2 particularly toward phosphorylation 

of PKB. Cells expressing A31L also show elevated mTORC2 activity, to PKBR1, compared to 

both controls. Cells expressing a wide variety of mutations: A31D, Y41A, 38,39,40A, 

AlloΔBasic, HVRΔPolar, HVRΔBasic, and HVRΔPrenyl, are statistically different from both the 

rasC- and the RasCWT:rasC- populations with an intermediate effect in mTORC2 activity to 

PKBR1 particularly. When we compare the change in phosphorylation of both mTORC2 

substrates, we see that there is no significant difference between RasCWT:rasC- and cells 

expressing RasC with these mutations: A31K, A31L, or HVRΔPolar. Cells expressing 

RasCHVRΔPrenyl and RasC36A are similarly not significantly different from rasC- cells. In fact, for 

all measures of RasC activation of mTORC2, RasC36A cannot facilitate mTORC2 activation, and 

of all the mutants investigated, it was the only one that provided such a uniform result across all 

metrics of mTORC2 activity.  

In Table 2.4 and Fig. 2.26 I report the comparison between phosphorylation of PKB and 

PKBR1 from basal and 10 sec timepoints. This metric allows us to compare these two 

populations and determine if the addition of cAMP caused an arithmetic increase of the 

phosphorylation of these two proteins by mTORC2. We can see from these results that PKB is a 

less responsive analyte than is PKBR1, with only RasCWT, RasC31L, and RasC38,39,40A showing a 

significant difference in basal and 10 sec populations.  
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Figure 2.26 pPKB-pPKBR1 Comparison: Pairwise comparison of each mutant 
showing basal and 10 s post stimulation mTORC2 activity. A) pPKB in both the 
basal and stimulated timepoints are reported side by side to compare how responsive 
each cell line is to cAMP. B) pPKBR1 for the basal and 10 s post stimulation with cAMP 
are reported showing a stark difference between those cell lines that activate mTORC2 
and those that do not. The comparison between rasC- cells and rasC-:RasCWT 
illustrates this principle distinctly. Data was quantified and plotted as in Fig. 2.3 & 2.4. * 
represent Mann-Whitney statistical tests comparing basal and stimulated values for 
each mutation individually.  
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Table 2.4 P-values comparing basal and 10 sec levels of pPKB and pPKBR1. 
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The data for pPKBR1 shows that most cell lines when treated with cAMP increase the amount of 

pPKBR1 present. Even those cell lines that did not show statistical significance show a visible 

increase in phosphorylation. This is most apparent when comparing the significance of rasC- 

cells and cells expressing A31K or A31L. When looking at Fig. 2.26 basal and stimulated 

populations of rasC- look similar but have a p-value of 0.0061. Cells expressing A31K or A31L 

trend to having higher pPKBR1 after stimulation but due to their high basal pPKBR1 they do not 

have statistically identifiable differences with p-values 0.1143 and 0.0571 respectively. This 

concept applies to other mutations as well where no statistical difference is observed where a 

clear trend is present and when there is no trend of stimulation but statistically different 

populations are identified as with rasC-, RasC36A:rasC-, and possibly RasCAlloΔBasic:rasC- and 

RasCHVRΔPrenyl:rasC-. This complexity of analysis makes it difficult to categorize the effects of 

mutating RasC on mTORC2 activity.  

Although difficult to categorize the effects mutant RasC plays in activating mTORC2, we 

can make some conclusions. As mentioned above, the results for RasC36A agree across all 

metrics and is unable to activate mTORC2 to activate phosphorylation of either substrate. There 

is also multiple evidence that RasC31D, RasCHVRBasic, and RasCHVRPrenyl likely significantly 

disrupt RasC activation of mTORC2. The mTORC2 activation results from the remaining 

mutants are a bit more muddled and inconclusive. One of the most perplexing results from these 

data is that RasC38,39,40A
 seems to activate mTORC2 selectively to PKBR1 (Fig. 2.28d). This 

result may be due to the increased sensitivity of detection for pPKBR1 compared to pPKB, but 

because our detection of both is simultaneously with a single antibody that detects both this is 

not likely. I suggest that this specificity for substrate may depend on these residues. A similar but 

lesser effect is also associated with RasC41A.  
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The data from RasC activation was simplified similarly to the data from mTORC2 

activation and is described in Fig. 2.27 and Tables 2.5-2.6. When we compared the results of the 

RasC activity and the binding with BYR2-RBD results, we saw that disruption of residues in the 

effector binding domain of RasC causes a loss of binding affinity for BYR2 and prevents our 

analysis of the activity state of those RasC mutants (Fig. 2.28b). We also can conclude that GTP-

RasC31D can bind BYR2 but does not get activated in cells stimulated with cAMP. This suggests 

that this residue plays a role in the RasC-GEF interaction that when this residue is negatively 

charged, this interaction is disrupted (Fig. 2.28a).  

The p-values from the membrane localization data are described in Table 2.7 and shown 

in Fig. 2.15. When we look at these data and those from the mTORC2 activation together, the 

data suggest that disruption of membrane localization of Ras disrupts mTORC2 activation. This 

conclusion is summarized in Fig.2.28c. Both RasCHVRΔPrenyl and RasCHVRΔBasic have severely 

limited RasC localization at the membrane and also have minimal mTORC2 activation. 

Although the membrane localization of RasCAlloΔBasic is less than that of RasCWT, the mTORC2 

activation as measured by phosphorylation of PKB and PKBR1 show at least some stimulation. 

These data agree with the mixed phenotype of RasCAlloΔBasic:rasC- cells during development.  

From the data comparing the CA-RasC mutants, none of the mutants were able to 

produce an activation pattern of mTORC2 as seen with RasCWT (Fig. 2.16-2.21). When I 

compared the populations of pPKB and pPKBR1 like with non-constitutive mutants (Fig. 2.22, 

2.23, and 2.29), we see that the stimulated and change in phosphorylation are either not 

significantly different or too disjointed to make a cohesive implication. However, the results 

from the basal phosphorylation of PKBR1 are very interesting. 
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Figure 2.27 Summary of RasC activation in RasCMutant:rasC-. Data shown is the 
average of at least 3 independent experiments with +/- SD. A) Basal and 10 s post 
cAMP stimulation RasC-GTP. * represent Mann-Whitney statistical tests comparing 
basal and stimulated values for each mutation individually. B) 10 s fold/basal RasC-GTP 
C) ΔRasC-GTP. Data was quantified and plotted as in Fig. 2.10 and 2.21. * represent 
Mann-Whitney statistical tests compared to RasCWT. 
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Table 2.5 P-values for Active Ras. 

 

Table 2.6 P-values for RasC to BYR2-RBD binding. 

  

92



 

Figure 2.28 Schemes summarizing the conclusions from Chapter 2. A) Results from RasCC31 

suggest that mutation of residue 31 to an aspartic acid prevents GEF interaction with RasC and 
thus prevents RasC activation. B) Results from BYR2-RBD pulldown with CA-RasC suggest 
that disruption of even a single residue in the effector binding domain of RasC disrupts is 
binding affinity for BRY2-RBD. C) Results from mTORC2 activity experiments suggest that if 
RasC prenylation and membrane anchoring is disrupted, activation of mTORC2 is also disrupted. 
D) Results from mTORC2 activity and CA-RasC mTORC2 activity assays suggest that E38A 
and 38,39,40A mutations seem to activate mTORC2 in a membrane specific manner only 
phosphorylating PKBR1. E) Results from CA-RasC mTORC2 activity experiments suggest that 
CA-RasC36A does not increase basal pPKBR1 but other mutations do increase basal pPKBR1 
when they are constitutively active.   
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Most of the mutants tested showed one of two results: 1) an increase of basal pPKBR1 compared 

to RasCWT:rasC- or 2) an increase of basal pPKBR1 compared to rasC-. The exception to this 

were cells expressing RasC36A which were statistically indistinguishable from rasC-. These 

results are summarized in Fig. 2.28e. When these results are combined with those discussed 

previously, it is clear that mutating RasCT36A causes a disruption of RasC-mTORC2 signaling 

and this residue is strongly implicated in mediating directly the interaction of RasC and 

mTORC2. 
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Table 2.7 P-values for RasC localization. 
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Figure 2.29 pPKB-pPKBR1 CA-Ras Comparison: Pairwise comparison of each 
mutant showing basal and 10 s post stimulation mTORC2 activity. A) pPKB in both 
the basal and stimulated timepoints are reported side by side to compare how 
responsive each cell line is to cAMP. B) pPKBR1 for the basal and 10 s post stimulation 
with cAMP are reported. Data was quantified and plotted as in Fig. 2.3 & 2.4. * 
represent Mann-Whitney statistical tests comparing basal and stimulated values for 
each mutation individually.  
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Table 2.8 P-values for CA-RasC mTORC2 activity. 
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Chapter 3: Development of purification and imaging methods for RasC 

3.1 E. coli RasC purification approaches 

The gold standard of understanding protein-protein interactions is to investigate with in 

vitro studies. To do this, the protein to be studied must be purified and then it can be analyzed 

with a variety of techniques. We have investigated a variety of protein purification methods to 

prepare purified RasC with limited success, and this chapter will focus primarily on experiments 

relating to these efforts.  

We started work on purifying RasC from E. coli, using general expression techniques. 

We generated a truncated cDNA construct that removed the HVR of RasC from expressed 

protein, at position 168. This followed the commonly used truncation site of other published Ras 

purification methods which removed the HVR of Ras.195 We expressed this truncated form of 

RasC with 3 different tags: His, GST, and MBP.196 We were able to see a strong increase of 

expression of a protein at the expected molecular weight when induced with IPTG but, following 

lysis of the E. coli, we saw this band diminish significantly from the soluble fraction. Purification 

of what little remained of the expressed protein did not yield substantial purified protein product. 

I investigated additional truncation variants created with the hypothesis that RasC may have a 

different termination sequence of the alpha helix that terminates near residue 168 in mammalian 

Ras. I tried two variants terminated at 172 and 176 residues, which should allow for either 1 or 2 

additional turns of the helix and may have provided a gain in solubility of the protein. These 

additional constructs did not perform differently in soluble expression than the 168-residue 

protein. We also attempted to solubilize the protein from inclusion bodies with Urea, but this 

approach was ultimately unsuccessful. I also tested a variety of growth conditions, focusing on 

lower density and lower temperature expression as these were strongly recommended by protein 
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expression experts. I also tested expression of RasC in culture containing ethanol, as Chhetri et 

al. reported an improvement with this expression technique.197 After trying a broad selection of 

purification methods from E. coli, I moved on to testing expression and purification methods 

from Dictyostelium. 

3.2 RasC purification from Dictyostelium 

We hypothesized that the challenges of purifying RasC from E. coli were primarily from 

protein misfolding and aggregation during the expression process, in an effort to use the native 

expression machinery, we then tried to express RasC from Dictyostelium. Purifying proteins 

from Dictyostelium has a few disadvantages when compared to bacterial expression. 

Dictyostelium takes longer to grow and as part of that process it takes much longer to select cells 

expressing the protein of interest. While E. coli clones can be selected after a single overnight 

incubation on an antibiotic plate, Dictyostelium practically speaking requires an entire 7–12-day 

period to go from frozen cell stocks, transformed with DNA, and selected. Once a clone is 

selected, E. coli cells can go from a starter culture to large volume growth/expression culture in 

1-2 days and in some cases can be induced all in one day. Dictyostelium, however, cannot be 

grown so quickly, and the starter cultures must be more meticulously maintained and are much 

larger in volume, comparatively. To go from plate to 2 L of culture, E. coli takes 2 days, for 

Dictyostelium a minimum of 3-4 days, but more practically 4-5 days, and even then the cellular 

mass recovery is less for Dictyostelium. These time delays combined with the sensitivity of 

Dictyostelium to temperatures above 24 °C and the higher cost of culturing Dictyostelium make 

it a generally more difficult method of protein purification. Some research is available describing 

how expression and purification is best conducted in Dictyostelium but it is less extensive 

compared to the literature of bacterial expression.  
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Beyond the technical challenges of expressing proteins in Dictyostelium for purification, 

the challenges of purification from Dictyostelium are complex. In my experience, Dictyostelium 

has highly expressed proteins that bind with glutathione and complicate GST purification from 

Dictyostelium. This method is still preferred than to use a His-tag purification scheme as 

Dictyostelium has many proteins that bind with the metal affinity beads used for His-tag 

purification.82,140 Combination of the His-tag and Flag-tag in a sequential purification scheme 

has been used with some success but is cost prohibitive. Advances in the availability of Flag-

antibody magnetic beads and the development of a robust Flag-tag purification method by Senoo 

et al. led us to focus on this as purification strategy.83 I also adapted a split luciferase system, 

NanoBit, to a purification scheme with moderate success.  

The NanoBit split luciferase system was adapted in house from a system developed by 

Promega and Dixon et al.198–200 The system uses a short ~12 residue tag, termed SmBit and a 

large, 25 kDa protein tag termed LgBit, to produce a functional protein split of the Nano-

Luciferase, also developed by Promega. Dixon et al. when developing the split luciferase system 

seem to be primarily focused on developing a spilt that could be used to visualize protein-protein 

interactions, but they also discovered a tag variant, termed HiBit, that has strong binding 

between HiBit and LgBit.198 Dixon et al. show that the binding can be used in purification 

methods. I thought that this novel and specific interaction between these protein fragments would 

yield a clean way to purify proteins from Dictyostelium. My purification scheme used a GST-

LgBit fusion protein, expressed and purified from E. coli using glutathione agarose beads. This 

fusion protein was then treated with Dictyostelium lysate with HiBit-RasC expressed. After 

binding of HiBit-RasC with GST-LgBit, the luminescence was measured, and I was able to see 

luminescence in these samples and not from Dictyostelium cells that did not express HiBit-RasC.  
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Figure 3.1 Elution of Flag-RasC purified with Flag beads from Dictyostelium. 
These results show a representative Coomassie stain from a flag purification following 
an adapted protocol form Senoo et al.83  
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This suggests that I was able to pulldown HiBit-RasC with the GST-LgBit fusion protein. It was 

difficult to determine how much protein I was able to purify because I was using glutathione 

beads to purify and one of the endogenous Dictyostelium proteins overlaps with the kDa range of 

HiBit-RasC. I have begun work on either using a sequential purification method using HiBit-His-

RasC fusions and HiBit-TEV-RasC fusion constructs that should eliminate the contamination of 

glutathione binding proteins. Other avenues should also be investigated as this purification 

scheme can allow for detection of pulldown products during purification and allows for direct 

visualization of the purification process.  

I should note that we primarily focused on using small epitope style tags for tagging 

RasC in Dictyostelium, because it is known to be non-functional with an N-terminal GFP-tag. I 

hypothesize that switching the tag positioning, so that LgBit is used as the bait tag and HiBit is 

used as the probe will yield even better results and simplify the production of the purification 

probe.  

When I used the purification method from Senoo et al. to purify Flag-RasC, I met 

intermediate results.83 I was able to purify RasC fairly well in small quantities, but when I 

proceeded to attempt to elute the purified protein from the beads with 1 M arginine as they 

describe, I was unable to determine if that was successful or not. I attributed this to the small 

amount of protein purified and the relatively large volume that was used to elute the protein. 

Beyond that, this “large” volume was also inherently difficult to dialyze to remove the arginine 

because it was so small. Again, we seemed to reach the point where it became cost prohibitive to 

purify large amounts of protein because of the cost of using the Flag-tag purification method.  

3.3 Fluorescent tagging of RasC 
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Other small GTPases in Dictyostelium have been localized and their colocalization with 

other proteins has yielded valuable insight into the Dictyostelium signaling pathways and 

dynamics. RasC, however, is nonfunctional when tagged with large N-terminal tags or proteins. 

Since tagging on the C-terminus and interior loops are difficult without changing function or 

impractical, respectively, this has left RasC less well understood. The prevailing hypothesis is 

that RasC either localizes to the leading edge of cells during migration or its activity is localized 

there. To investigate this hypothesis, I applied a short 6-12 residue tag, tetra-cysteine tag (TC), to 

the N-terminus of RasC. The TC tag has a minimum sequence of 6 residues but a more efficient 

12 residue tag that binds with Fluorescein Arsenical Hairpin (FLAsh) binding small 

molecules.168,201 These molecules are nonfluorescent when not bound to a peptide hairpin with 

four cysteine residues binding with FLAsh. There are two commercially available TC 

fluorophores, FLAsh and ReAsh, which fluoresce in the green and red spectra respectively. 

Hwang et al. implemented these fluorophores in Dictyostelium and have shown that FLAsh does 

not work, whether from high auto fluorescence or from disrupted binding.168 ReAsh however 

was a viable fluorescent reporter. I initially attempted to express TC tagged RasC transiently but 

was unable to observe the expected fluorescence. Upon consultation of Hwang et al., we 

received a control cell line they had created with TC tagged filamin (TC-FLN).168 We also 

learned that their results required the creation of a stable cell line expressing their protein of 

interest. I have created several cell lines with TC-RasC and the characterization of their 

expression and their ability to bind ReAsh is ongoing.  

  

103



 

Figure 3.2 Microscopy of Dictyostelium cells expressing TC-Tagged proteins. 
Data shown is representative images of TC-FLN and TC-RasC cells. A) Microscopy of 
cells with TC-FLN expressed. B) Microscopy of cells expressing TC-RasC. These are 
images from one of many cell lines made. This cell line does not create as strong a 
signal as does TC-FLN and so more cell lines need to be investigated. 
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3.4 Mammalian Ras complementation of rasC- cells 

At the beginning of my studies, I investigated if the four primary oncogenic mammalian 

Ras proteins could complement rasC- and rasG- Dictyostelium cells. While rasG- cells have a 

reported defect in growth, this phenotype is minimal and appears to be lost if the cells are 

cultured for longer than ~4 days. As it takes more than 4 days to transform and express 

exogeneous proteins, this approach did not show any complementation. When we expressed 

HRas, NRas, KRas4a, and KRas4b in rasC- cells, we did not see any complementation of the 

rasC- phenotype. None of the mammalian Ras proteins tested showed any ability to recover the 

RasC mediated activation of mTORC2. After obtaining the results described in chapter 2, I 

hypothesize that this is likely because all the mammalian Ras proteins have an aspartic acid 

instead of other allowed residues at position 31. This will have prevented them from being 

activated in response to cAMP signaling and, thus, halted any downstream signaling.  

  

105



 

Figure 3.3 Developmental phenotype of rasC- cells with exogeneous mammalian 
Ras expression. These data are representative of the development of cells expressing 
mammalian Ras proteins. None of these cells were able to develop multicellular 
structures of any type. 
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Chapter 4: Discussion and future directions 

In Dictyostelium, RasC is a critical component of cAMP signaling and plays a role in 

activating ACA through mediating the activation of mTORC2. Recent evidence of the role of 

RasC in mTORC2 activation suggested that it was through a direct interaction or mediated 

through dimerization with RacE.83–85 To better understand the specificity of how RasC interacts 

with these non-canonical effectors, we investigated how specific residues of RasC control its 

function. Initially, we investigated the role that A31 plays in RasC-specific signaling, and we 

have shown evidence that this is likely due to providing an identifying residue, A31, that is 

distinguishable by the various Dictyostelium GEFs. The importance of this residue is in 

separating the cAMP signaling pathways regulated by RasC and RasG. This residue alone 

appears to be the key segregation residue in GEF specificity but does not appear to play a role in 

RasC effector specificity. This provides insight into why complementation of rasC- cells with 

mammalian Ras have failed thus far because they would not be responsive to the RasC-GEF and, 

thus, unable to be activated by cAMP signaling. This insight opens a few new avenues of 

investigation on how this signaling network may be conserved between Dictyostelium and 

humans. First, some mammalian Ras proteins, like MRas which does not have the conserved 

aspartic acid residue but has a proline instead, may be used for RasC complementation studies 

and may activate mTORC2 downstream of cAMP signaling. Secondly, point mutations for this 

aspartic acid in HRas, NRas, KRas4a, and KRas4a, should allow for activation by the RasC-GEF 

and provide an avenue for complementation studies. Investigation of whether any or all of the 

oncogenic mammalian Ras can complement rasC deletion could provide evidence for the 

conserved regulation of mTORC2 by Ras and may identify other regulatory residues or 

mechanisms. 
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Upon assessing the effects of our mutations on mTORC2 activity, we found supporting 

evidence that mTORC2 cannot be activated properly for development when residues implicated 

in the RasC-RacE dimerization are disrupted, as shown by the lack of consistent development of 

cells expressing RasCAllΔBasic, and the disruption of mTORC2 phosphorylation of PKB and 

PKBR1 in these same cells. We can also conclude that RasC has two membrane anchoring 

mechanisms: 1) the prenylation of the CaaX cysteine and 2) the three basic residues in the HVR. 

The HVR polar residues do not seem to play a role in membrane anchoring, and this may be due 

to the proline hairpin turn that should occur N-terminally adjacent to the RasCHVRΔBasic mutation. 

The presence of this double proline hairpin turn has been curious to us, and I hypothesize that it 

plays a structural role in how RasC is anchored to the membrane. Investigating how deletion of 

the proline hairpin turn affects RasC localization and signaling would be an interesting future 

avenue of investigation in the HVR of RasC.  

We did not see the biological effects that we expected from mutating residues in the 

effector domain of RasC. From Kovalski et al., we expected that mutations T36A and Y41A 

would prevent RasC and mTORC2 binding and, consequently, disrupt the signaling of RasC to 

mTORC2.81 When we created the T36A mutation, we did see a loss of RasC signaling to 

mTORC2 in development and phosphorylation of PKB and PKBR1, but we could not determine 

if that was from this mutation or from disruption of the RasC-GEF interaction. When it comes to 

Y41A, we also could not determine the role of RasC activation of this mutant because it was 

deficient in binding our RasC-GTP probe, but we did see that cells expressing RasC41A 

developed as readily as those expressing RasCWT. The activation of mTORC2 to PKB was also 

not as robust as expected, but the phosphorylation of PKBR1 was similar to the RasCWT 

response. The mutation E38A also provided a split decision, again from Kovalski et al., we 
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expected to observe phenotypic responses that suggested and increased affinity for mTORC2 by 

RasC38A and, to a lesser extent, RasC38,39,30A.81 Neither of these cells were able to signal through 

RasC properly enough to create fruiting bodies, but cells expressing them showed the ability to 

respond to extracellular cAMP and induce the mTORC2 activity to phosphorylate PKB and 

PKBR1. When we expressed the CA-RasC38A and CA-RasC38,39,40A in rasC- cells, we saw higher 

basal phosphorylation of PKBR1 compared to both RasCWT and CA-RasCWT, which supports the 

hypothesis that RasCE38A may more strongly bind mTORC2. Higher basal pPKBR1 was also 

seen with the CA-RasC31D, CA-RasCAlloΔBasic, and CA-RasCHVRΔBasic, which suggest that 

increased basal phosphorylation may be relevant to CA-RasC activation of mTORC2. We do not 

see increase basal pPBKR1 for CA-RasC36A nor CA-RasCHVRΔPrenyl, which agrees with this 

hypothesis of how these residues may regulate RasC-mTORC2 interaction. We did not test the 

basal phosphorylation of CA-RasC41A because we had seen activity in the in vivo studies of 

development and mTORC2 activity analysis. Perhaps we should have investigated the effect of 

CA-RasC41A on the increase of basal pPKBR1 as with these other mutations and would have 

seen that CA-RasC41A would not increase the basal pPKBR1 which would lend some support to 

the evidence of Kovalski et al.81  

We have shown that RasC31D is not able to be activated by cAMP stimulation while other 

amino acid substitutions do not have this effect. We also show that if RasC is mislocalized from 

the membrane by either a deletion of the CaaX motif or the small HVR basic region, it cannot be 

activated in response to cAMP. We also show evidence that the RasC-BYR2 interaction appears 

to be very sensitive to the residues in the effector domain, especially those of SWI. All of the 

mutations that we studied, except A31, caused a severe loss of RasC-BYR2 binding and all 

sensitivity to Ras-GTP was lost. Why this interaction is so sensitive to these changes underpins 
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the likely importance of them in Ras-effector interactions but limits their implications as Ras-

mTORC2 specific residues. Our work informs the distinction between what plays a role in the 

RasC-mTORC2 interaction and what specificity RasC has for mTORC2 over other Ras isoforms. 

The proposed binding of a RacE-RasC dimer with mTORC2 by other researchers further informs 

us of possible ways that mTORC2 is regulated. If RasC and RacE form a dimer, the binding of 

this dimer to mTORC2 may not be controlled by either single small GTPase, but by the dimer as 

a whole. Dimerized RasC-RacE may create a unique small GTPase binding surface that has a 

corresponding novel Ras-dimer binding domain (d-RBD). The evidence thus far suggests that 

both RasC and RacE may individually be able to bind with mTORC2, but it is also clear that 

proper activation of mTORC2 requires both proteins working in concert. 

We have also shown that mammalian Ras isoforms are not able to compensate for the 

loss of RasC in developing Dictyostelium cells. Later evidence of the importance that the A31 

residue is not an aspartic acid suggest that this may have been the reason that these experiments 

were unsuccessful at rescuing development. I have also conducted preliminary work to tag RasC 

with a non-traditional fluorescent reporter, that due to its small size, may allow for the 

visualization of functional RasC in Dictyostelium. The inability to observe RasC localization has 

hampered research into the regulation of RasC signaling in chemotaxing cells. This work should 

continue and seems very promising.  

I have worked on purifying RasC from both E. coli and Dictyostelium, with minimal 

success. All indications are that RasC was expressing as an insoluble protein and could not be 

readily refolded. RasG did not have the same solubility issues when expressed in E. coli, and we 

were unable to translate these results to RasC purification. Multiple solubilization methods after 

expression were attempted, but they did not yield any improvement in purified protein. I also 
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worked on developing purification methods from Dictyostelium, with minimal success. The most 

successful was work on adapting a new dual purpose protein tag, HiBit, for use with 

Dictyostelium.198,199,202 This tag was successful at purifying small quantities of RasC from 

Dictyostelium and the purified protein was detectable by luminescence. This tag, with its two 

companion tags, SmBit and LgBit, are part of a powerful split luciferase system whose 

modularity and adaptability have not reached Dictyostelium researchers yet. I strongly 

hypothesize that this purification method, because of its highly specific nature with no expected 

conserved elements, presents an untapped potential for purification of proteins from 

Dictyostelium. The size of the SmBit and HiBit tags also is small enough that CRISPR 

modification of endogenous proteins is possible. Senoo et al. published a revised Flag 

purification method for Dictyostelium purification, and it does work, but I was never able to 

achieve large amounts of purified protein with this method.83  

The inability to generate large amounts of purified RasC prevented a more thorough in 

vitro investigation of the RasC-mTORC2 interaction. These experiments, we hypothesize, would 

be much more definitive in understanding how the mutations we investigated would alter the 

RasC-mTORC2 interaction. Investigating the in vitro binding of mTORC2 with small GTPases 

is the next step, and this work provides a solid framework when considering which residues of 

RasC likely play a role. I propose that the interaction of small GTPases with mTORC2 requires a 

novel d-RBD that is similar to the canonical RBD but allows for dimerized Ras proteins (d-Ras) 

to bind as a single unit with mTORC2. The dimerization surface of d-Ras occurs between the 

two Ras proteins via the allosteric lobe and salt bridges between charged residues. d-Ras can 

then fully interact with mTORC2 utilizing the effector domains of both Ras components. I 

hypothesize that the d-RBD of mTORC2 is separated across the multiple components of 
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mTORC2. There is strong support for the participation of Sin1 in the d-RBD because of its 

canonical RBD. I suspect that the catalytic component, mTOR, and LST8 together provide a 

second binding surface for d-Ras that has yet to be described. The Dictyostelium model of Ras 

activation of mTORC2 is the most developed and the role of the RasC-RacE dimer in binding 

mTORC2 has been identified specifically. No specific Ras or d-Ras has been identified for the 

mammalian model of Ras activation of mTORC2. In the mammalian model, multiple Ras 

isoforms are implicated in binding with mTORC2, but these are primarily limited to in vitro 

studies or studies with a single Ras isoform exogenously or arbitrarily given preeminence.81,85,203 

Investigating d-Ras interaction with mTORC2 through Dictyostelium proteins should be the 

focus of future studies until the mechanism of binding is more thoroughly understood. This will 

give insight into which residues mediate this interaction and how this translates to the 

mammalian isoforms.   
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Chapter 5: Material and Methods 

5.1 Cell culture 

All cell lines used are listed in Table 5.1. The most commonly used cell line was rasC-. 

The strain used for the bulk of the experiments was obtained from Peter Devreotes lab. The 

axenic wild-type cells that the rasC- cells were created from is the AX2 cells. These cells were 

used as a control for only a minimum of experiments and were mostly replaced with 

RasCWT:rasC- cells that were transformed at the same time as mutant RasC cells. Dictyostelium 

cells were maintained on attached to substrate, in this case, plastic TC dishes. The cells were 

grown in HL5 media supplemented with glucose and B12/Folic acid at 20-22 °C. Prior to most 

experiments, cells were collected from plates at ~80% confluency and grown in shaking culture 

for 24-48 h prior to experimental assay. Shaking was done at the same temperature range and 

shaking rpm was adjusted to the incubator and volume used to result in agitation similar to 140 

RPM on an orbital shaker. Before cells were used for an assay, they were washed with 12 mM 

KH2PO4, 12 mM Na2HPO4 buffer at pH 6.1 (Na/K phosphate buffer). Cells were washed by 

adding excess volume of Na/K phosphate buffer and then the cells were centrifuged at 500 x g 

for 3-5 min in conical or Eppendorf tubes appropriate to cellular pellet and washing volume.  

5.2 Dictyostelium transformation 

To make cells expressing proteins of interest, 10 x106 Dictyostelium cells were washed 

with Na/K phosphate buffer 1 time and then the cellular pellet was dried on ice for 15 min. After 

the pellet was prepared, they were resuspended in 800 μL of sterile electroporation buffer, 50 

mM Na/KPO4 and 50 mM sucrose, and 20 μg of plasmid DNA was added and the mixture 

transferred to a Bio-Rad GenePulser® 0.4 cm cuvette that had been sterilized by UV light. The 
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cells were chilled on ice and then electroporated twice with 1kV, 3mF, and λ-time 0.7-0.9. This 

was achieved using the “dic” preset from the Bio-Rad micropulser. After transformation, cells 

recovered overnight, 12-20 h, in HL5 media before being treated with HL5 with selection media, 

20 μg/mL Geneticin. Other concentrations were occasionally used between 10-40 μg/mL of 

Geneticin. rasC- cells generally selected slower than that of cells transformed into AX2 cells and 

colonies/plaques would from around 5 days after selection media was added. Media was changed 

daily or every other day during the selection process. Expression of proteins of interest was 

confirmed by immunoblot according to appropriate conditions from Table 5.2.  

5.3 Induced development in shaking culture 

For most assays, cells were artificially developed prior to the assay. To develop cells, at 

least 50 x 106 cells were collected and washed. This number of cells was resuspended in 10 mL 

Na/K phosphate buffer to have cells at 5x106 cell/mL during the artificial development. 

Depending upon the assay, cells were developed in 10, 20, 50, or 100 mL volumes. To induce 

development, cells were pulsed with 30 nM cAMP every 6 min for 5.5 h while shaking at 20-22 

°C.  

5.4 Starvation and development assay 

Cells were collected, counted, washed with Na/K phosphate buffer, and resuspended at 

2x106 cell/mL in 100 μL or more. 50 μL aliquots of suspended cell was spotted on Na/K 

phosphate agar plates. Four 1:2 serial dilution of the cells was also made, and each was also 

spotted on the same agar plate. Cells were allowed to settle and adhere for 30 min during which 

the excess buffer was also carefully evaporated. The agar plate with cells was then placed in a 

humid incubator at 20-22 °C for 24 h. Cells were imaged with a Motic digital microscope (model 
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DM-143). Cells were also reimaged at 48 h. Most images were taken at 4x magnification unless 

less magnification was used to observe a wider portion of the cells.  

5.5 mTORC2 activity assay 

50x106 cells were developed as in section 5.3, pelleted, and washed once with room 

temperature (RT) Na/K phosphate buffer. Cells were resuspended at 50x106 cell/mL and allowed 

to rest and return to basal levels while shaking for 30 min at RT. A 0 s sample was taken where 

90 μL of the cell suspension was taken and mixed with 30 μL of 4x sample buffer (4xSB; 200 

mM Tris pH 6.8, 200 mM DTT, 3 mM bromophenol blue, 8% SDS, and glycerol). The 

remaining cells were then stimulated with 1 μM final cAMP and 90 μL samples were collected at 

5, 10, 20, 40, and 60 s and immediately mixed with 30 μL of 4xSB. The samples were then 

vortexed immediately and either frozen immediately or boiled for 10 min and then frozen. 

Samples that were frozen immediately after the assay were boiled for 10 min after thawing. 

Samples were then loaded on duplicate 12% SDS-PAGE gels and run until the ladder was 

separated and the blue front was through the majority of the gel or had passed through 

completely. The proteins were transferred at 100 V for 90 min onto a nitrocellulose membrane. 

One of the gels was cut at ~37 kDa to separate the upper and lower gel so that pPKB/pPBKR1 

and Flag-RasC blots could be run separately. The other gel was cut at 25 kDa and 75 kDa and 

was used to blot for actin. The flag and actin blots were blocked with 5% milk TBST and probed 

according to Table 5.2. The pPKB/pPKBR1 blot was blocked with 5% BSA TBST and probed 

according to Table 5.2. The antibody used for pPKB/pPKBR1 was a newly created antibody that 

was developed against the antigen, KDTSFEGF(pT)YVADSC and is termed the αpHM, to 

indicate that it was developed against the phosphorylated hydrophobic motif of PKBR1. The 

antibody antigen and subsequent antibody was developed in concert with BIOMATIK and made 
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by a rabbit host.  It was validated against pPKB/pPKBR1 detection with that of mouse phospho-

p70 S6 kinase antibody that had been previously used. Two rabbits were used, and antibodies 

harvested. I validated the antibody from rabbit ID RB595, whose antibody I denoted p-PKBR1-

HM-1. The other antibody produce was not validated but is expected to perform similarly. 

BIOMATIK also provided 2 antibodies that were purified with the antigen that was not 

phosphorylated, but these antibodies appeared to have a preference for the phosphorylated PKB 

and PKBR1 despite purification from the non-phosphorylated antigen and were subsequently not 

used in this study. 

To image these western blots, I generally used freshly made αpHM-1 antibody to blot the 

membranes. The Flag and actin antibodies were used multiple times over with no decrease in the 

quality of signal. The αpHM could also be used multiple times, but this could elongate the 

exposure time while yielding similar results and was thus this antibody was not often reused. The 

westerns were developed using the SuperUltra chemiluminescent reagent and were imaged on 

the Sapphire using the auto exposure function. Images were collected at the highest resolution 

possible to preserve image quality and integrity.  

To quantify the pPKB and pPKBR1 western blots, first the bands were measured in 

ImageJ/FIJI using standard practices, and an equal size of the background was also measured. 

These values were then subtracted from 255 to invert the values and generate appropriate 

representations of the signal. After the values were inverted, the background value was 

subtracted from the measurement of the bands. I then divided this by the background subtracted 

actin value in order to normalize the loading and experimental variation between samples. After 

this step, it was necessary to disallow negative values, because these are definitionally below the 

sensitivity level of this analysis, meaning the signal becomes indistinguishable from the 
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background noise, i.e. a negative value. To preserve these values, any negative value was set to 

zero. Two distinct normalization methods were then conducted on these values to compare them 

to RasCWT and to that of the basal phosphorylation. First the percent of RasCWT max. 

normalization was made by multiplying the measurement by 100 and then dividing by the 

maximum value from the RasCWT control that was conducted and imaged at the same time as test 

cells. These data are reported in Fig. 2.3, 2.4, 2.6, 2.7, 2.9, 2.10, and 2.16-2.21 and are indicated 

with % of WT max. In order to compare the fold responsiveness, I chose to compare the fold 

change as a function of the % of WT max. normalization. If I had analyzed the data before % of 

WT max. normalization, many of the values were below 1, which when used in the denominator 

seemed to artificially emphasize the fold responsiveness of the increased phosphorylation 

because the basal level was at or below the limit of detection. After % of WT max. 

normalization, this issue was minimized but still persisted. Where identified, these experiments 

were removed as were any timepoints where the basal value was zero due to the value being 

lower than the background. To measure fold/basal response, each value of the time course was 

divided by the 0 s value. These data are also reported throughout with fold/basal indicated. I also 

found it useful to generate a change in phosphorylation score that was generated by subtracting 

the 0 s value from that of the 10 s value. This analysis was performed from the normalization to 

the WT maximum data.  

5.6 GST-BYR2 bead production for RasC-GTP detection 

We prepared GST-BYR2 agarose beads that are made in house and are used to bind RasC. 

This fusion protein construct is purified from E. coli and can be purified in bulk and stored at -20 

°C for later use. To purify, first 10 ng of GST-BYR2 DNA in a pGEX expression plasmid was 

transformed into BL21 DE3 E. coli and spread on an LB-agar plate with 50 mg/mL of ampicillin. 
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The plated bacteria were grown overnight at 37 °C. The following day, 6 individual colonies were 

selected and grown in shaking culture at 37 °C with LB-AMP overnight. These cultures used to 

seed a test induction the next day, in which 500 μL of cells is added to 3 mL of fresh LB-AMP 

with 0.5 mM final IPTG. These cultures were grown for 3 hours and then an aliquot was taken. 

Samples of the uninduced and induced bacteria was mixed with 4xSB and boiled. These samples 

were then run on an SDS-PAGE gel and stained with Coomassie Brilliant Blue R-250 (50 % 

Ethanol, 10% acetic acid, and 3 mM Coomassie Brilliant Blue R-250) for 30 s in the microwave 

on high. They were then destained with 50% ethanol and 10 % acetic acid for 1 h. From this gel, 

the culture that had the strongest induction of GST-BYR2 were used going forward. This culture 

was inoculated by adding 10 mL of an overnight culture into 1L of LB-AMP. This was grown at 

37 °C until the optical density was between 0.6 and 0.8. IPTG was added to a final concentration 

of 1 mM. Cells were then grown overnight at 16 °C. Following the induction of the bacteria, they 

were collected by centrifugation at 5 000 g for 20 min at 4 °C. They were then resuspended in 20 

mL of cold 1xPBS per L of cultured cells with 1 mM PMSF, 1 mM DTT, 5 μg/mL aprotinin and 

5 μg/mL leupeptin. The cell slurry was sonicated by a Branson Sonifier 250 with output setting 5, 

duty cycle 50, 10 times of 1 min followed by 2 min resting on ice. NP-40 or IGEPAL CA-630 was 

added to a final concentration of 1%. The lysate was mixed with a stir bar on ice for 10 min to help 

dissolve and mix the detergent into the cold lysate. The lysate was clarified by centrifugation at 20 

000 g for 30 min at 4 °C. 1 mL of Glutathione agarose was added to the lysate and incubated while 

rotated at 4 °C for 1 h to overnight. Beads were collected and washed 5 times with cold 1xPBS. 

After the final wash, the remaining PBS was removed and replaced with 250 μL of sterile 50% 

PBS and glycerol. The amount of protein present was quantified via SDS-PAGE gel and BSA gel 

standards and diluted with hydrated G-10 beads in 50% PBS and glycerol, at 10 mL settled beads 
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to 2.5 mL of buffer. The final concentration of GST-BYR2 was 0.5 μg/μL so that 10 μg could be 

delivered in 20 μL volume or 40 μL when diluted with BSA. The beads were stored in 0.5 mL 

aliquots at -20 °C. 

5.7 RasC activity assay 

500x106 cells were developed as described in section 5.3, pelleted, and washed twice 

with 4 °C Na/K phosphate buffer. Cells were then resuspended in 5 mL of RT Na/K phosphate 

buffer, resulting in a cell suspension of 100x106 cell/mL. Cells were then allowed to baseline for 

30 min at RT while shaking. 450 μL of the cell suspension was collected and mixed with 500 μL 

of 2x lysis buffer (aRas-LB; 100 mM Tris pH 7.5, 300 mM NaCl2, 50 mM MgCl2, 20 % 

glycerol, 1% NP-40/ IGEPAL CA-630, 4 μg/mL leupeptin, and 4 μg/mL aprotinin) and 50 μL of 

Na/K phosphate buffer. The remaining cells are then stimulated with 1 μM final cAMP. 500 μL 

aliquots were collected and mixed with 500 μL of 2x lysis buffer at 5, 10, 20, 40, and 60 s. After 

these timepoints were collected, the samples were vortexed and kept on ice for 10 min vortexing 

every 2 min. They were then centrifuged at 20 000 g for 10 min at 4 °C. The supernatant was 

transferred to a new Eppendorf tube and vortexed to mix. A sample of the total Ras was collected 

by taking a 60 μL aliquot and mixing with 20 μL of 4xSB. The supernatant was then incubated 

with 10 μg of GST-BYR2 bound to glutathione agarose beads and 2 mg/mL final BSA. This 

mixture was incubated for 1 h at 4 °C while rotated to mix the beads throughout. Beads were 

then centrifuged at 3,300 g and the supernatant discarded. The beads were washed 3 times with 

cold 1x lysis buffer. After the final wash, beads were centrifuged again and as much buffer as 

possible was removed. The proteins were then eluted in 30 μL of 4x SB and the samples stored 

with beads at -20 °C. After the samples were thawed, they were boiled for 10 min. Prior to 

loading the sample, the samples were vortexed and centrifuged 2 times to ensure the best protein 
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suspension and bead separation to prevent loading beads onto the gel. The total Ras samples 

were treated identically as the Ras-GTP samples. Samples were segregated onto separate gels for 

total Ras and Ras-GTP and the total Ras and Ras-GTP blots were imaged separately. Samples 

were loaded on a 12% SDS-PAGE and separated. After separation, they were transferred to 

nitrocellulose membranes with 100 V for 90 min. Blotting was conducted for the Flag-Tag as 

described in Table 5.2. 

The blots were developed and imaged with the Sapphire imager using the lowest 

sensitivity to create the highest resolution image. The Sapphire software was allowed to auto 

select the exposure for the membranes imaged. For the Ras-GTP assay, the total RasC and the 

Ras-GTP blots were imaged separately because the total RasC signal is so much stronger than 

that of the RasC-GTP. The test cells were always imaged and exposed the same as the RasCWT 

control used as the experimental control. The total RasC was developed with the SuperUltra 

chemiluminescent reagent while the RasC-GTP needed to be developed with the Atto 

chemiluminescent reagent to increase the detectable signal. The RasC-GTP could be detected 

weakly for RasCWT but the signal was very faint and there was strong concern that, for the 

mutants, smaller activation response in RasC activity would not be detected with the weaker 

chemiluminescent reagent.  

To analyze the RasC-GTP data, the westerns were first measured with FIJI and subtracted 

from 255 to generate the inverted values. Next the nitrocellulose membrane background was 

subtracted. Subsequently I created a ratio of activity by dividing the RasC-GTP by the total RasC 

for each sample. This value represented how much of the RasC was active of the total RasC 

protein detected. I then normalized to the RasCWT maximum value by multiplying the ratio by 

100 and dividing by the maximum RasCWT value, which usually was the 10 s timepoint. I then 
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generated the fold/basal using the normalized values and dividing each mutant timepoint by the 0 

s timepoint for each stimulation. I used the same exclusion criteria that was used for the 

mTORC2 activity assay to exclude experiments with basal values of 0 and negative values 

corrected to zero.        

5.8 Cellular fractionation assay, membrane and cytosol separation 

500x106 cells were collected and washed once with Na/K phosphate buffer. Cells were 

then developed for 5.5 h at 5x106 cells/mL, as described previously in section 5.3. The cells were 

then washed twice with cold Na/K phosphate buffer. After the second wash, the cellular pellet 

was resuspended directly in 3 mL of cold Receptor Buffer (RB: 20 mM Tris pH 7.5, 5 mM 

EDTA, 5 mM DTT, 4 μg/mL aprotinin, and 4 μg/mL leupeptin). The cells were vortexed to 

resuspend and incubated on ice for 10 min. After incubation, the cells were lysed by polytron 

lysis twice for 20 s with a 1 min incubation on ice between polytron cycles. The polytron was on 

setting 6 and was a Kinematica GmbH p110/35 series 11881. The cells were lysed in a 50 mL 

conical tube, with a 3 mL volume just enough liquid to engage with the polytron blades. After 

lysis, the non-frothy portion of the cell lysate was transferred to two 1.7 mL Eppendorf tubes in 

equal volume and these tubes were centrifuged at 500x g for 5 min at 4 °C. After centrifugation, 

the supernatant was recombined into a clean 50 mL conical tube and vortexed to mix. 180 μL of 

the supernatant was collected and mixed with 60 μL of 4x SB. 2 mL of the supernatant was then 

loaded into 3 mL polycarbonate ultracentrifuge tubes and they were balanced with appropriate 

cell lysate. The cell lysate was then centrifuged for 40 min at 100 000 g at 4 °C using a TLA 

100.4 Beckman Coulter rotor on a Beckman TL-100 tabletop ultracentrifuge. After separation, 

the supernatant was transferred to a 50 mL conical tube, vortexed, and 180 μL was mixed with 

60 μL of 4x SB. The pellet was resuspended directly in 500 μL of 2x SB without bromophenol 
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blue. Once the pellet was suspended enough to be transferred by pipet to a 1.7 mL Eppendorf 

tube, the suspension was transferred. In the Eppendorf tube, the pellet was further resuspended 

by breaking up the pellet with a fine gauge needle (Insulin needle and syringe). After the pellet 

was completely broken up and suspended in the 2x SB, it was vortexed twice and then 50 μL was 

combined with 50 μL 4xSB and 100 μL Na/K phosphate buffer, to return the concentration to 

near the level of the total cell lysate and cytosol fractions. Equal volumes of sample from the 

total, cytosol, and membrane fractions were loaded on different 12% SDS-PAGE gels and 

transferred to nitrocellulose membranes for 90 min at 100V. The membranes were then blotted 

for mutant RasC with the Flag antibody and the Flag WB conditions from Table 5.2. All blots of 

a single experiment were imaged at the same time to have consistent exposure time across total, 

membrane, and cytosol fractions. As described previously, the membranes were developed with 

SuperUltra on the Sapphire with auto exposure and highest resolution. After imaging, the blots 

were quantified by measuring the bands with FIJI and subtracting the background as described 

previously. After the background was subtracted, the dilution variance of the membrane and 

cytosol fractions was corrected, and the cytosol and membrane fractions were summed to create 

a total Ras value. Then, the percent of each fraction was calculated and reported at percent of 

total Ras.  

5.9 BYR2 and CA-RasC binding assay 

50x106 cells were collected and washed two time with cold Na/K phosphate buffer as 

described previously in section 5.3. Cells were resuspended in 500 μL of Na/K phosphate buffer 

and 500 μL of 2x aRas-LB was added. The cells were lysed by vortexing every 2 min for 10 min 

while incubating on ice. After lysis, the aliquots were centrifuged at 20 000 g for 10 min at 4 °C. 

The supernatant was then transferred to a new tube and vortexed to mix. A 60 μL total Ras 
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sample was collected and mixed with 20 μL of 4x SB. Then, 10 μg of GST-BYR2 agarose beads 

and 2 mg/mL BSA was added and allowed to incubate for 1 h at 4 °C while rotating. Beads were 

pelleted at 3 300 g for 30 s and the supernatant discarded. The beads were washed 3 times with 

1x aRas-LB. After the washes, all of the excess buffer was removed, and the proteins were eluted 

by adding 30 μL of 4x SB followed by boiling for 10 min. To prepare the sample for loading 

onto an SDS-PAGE gel, the samples were vortexed and centrifuged twice to mix the sample and 

segregate the buffer from the beads well. When loading the gels, 10 μL of the total RasC samples 

and 30 μL of the RasC-GTP samples were loaded onto 12% SDS-PAGE gels. After separation, 

the proteins were transferred to nitrocellulose membranes at 100 V for 1.5 h. The western blots 

were developed and quantified as described in section 5.7.  

5.10 Flag-RasC purification from Dictyostelium 

To purify Flag-RasC from Dictyostelium, we adapted a Flag purification protocol 

described by Senoo et al. I collected 600x106 cells by centrifugation at 500x g at 4 °C.83 The 

cells were then washed twice with cold Na/K phosphate buffer. The cells were then resuspended 

in 500 μL of Na/K phosphate buffer and mixed with 500 μL of 2x aRas-LB. The cells were lysed 

by vortexing every 2 min while incubating for 10 min on ice. The lysate was clarified by 

centrifugation at 20 000 g for 10 min at 4 °C. Supernatants were transferred to a new tube with 

60 μL of magnetic Flag-bead slurry and rotated for 2 h at 4 °C. Following binding with the 

magnetic Flag beads, the beads were collected and washed three times with 1x aRas-LB. These 

washes were elongated washes where the tube was rotated for 5 min at 4 °C for each wash.  

Elution from the beads was attempted multiple times with 1 M arginine and this worked but 

caused a strong dilution of the protein. Also, the arginine is difficult to remove, so this method 

was abandoned.  
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5.11 Stimulation of mTORC2 activity in Dictyostelium lysate with CA-RasC Flag-beads 

We induced development of 100 mL of rasC- cells at 5x106 cells/ mL as described 

previously in section 5.3. After development, the cells were washed with cold Na/K phosphate 

buffer twice and then resuspended in 2 mL of cold in vitro-LB, 50 mM Tris pH 7.5, 150 mM 

NaCl2, 5 mM MgCl2, 5% glycerol, 5 mM DTT, 4 μg/mL leupeptin, 4 μg/mL aprotinin, 2 mM Na 

Ortho-Vanadate, 50 mM β-glycerophosphate, 6 mM Na Pyrophosphate, and 0.1 mM PMSF. The 

cells were incubated on ice for 10 min in a narrow glass test tube that fits onto the polytron and 

allows the blades to engage with the 2 mL suspension. Then I lysed the cells with a polytron on 

ice twice for 30 s resting on ice for 1 min between lysis. The lysate was clarified by a low-speed 

spin of 500x g for 5 min at 4 °C. Supernatants were transferred and vortexed in new tubes and 

aliquots were added to prepared Flag-beads with bound CA-RasC and RasCWT. The bead and 

lysate mixture were quenched with 4x SB at various times to stop the activation and allow for 

detection of mTORC2 activity. Samples were ran on 12% SDS-PAGE gels and transferred at 

100V for 1.5 h onto nitrocellulose membranes. These blots were then treated and imaged as 

described in the mTORC2 activity method.  

5.12 Statistical analysis 

To compare the results from our experiments we conducted statistical test to categorize 

the populations examined. We used a Mann-Whitney statistical test to compare the effects of the 

mutations. Where applicable, we compared each test condition to all controls, whether that be 

rasC-, RasCWT:rasC-, or CA-RasC:rasC-. For experiments where I was measuring the 

stimulation of activity, I compared the basal and stimulation timepoints to determine if the 

stimulation could be identified as likely from a different population. We attempted to be as 
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exhaustive as practical to compare the different analysis. Data represented throughout is shown 

as the mean +/- the SD.  

5.13 Molecular biology and cloning 

There were three primary cloning methods used to generate the constructs used in these 

results. First was the site directed mutation (SDM) of residues of interest. The primers for the 

SDM of RasC were developed using the QuikChange® primer design tool from Agilent using 

the QuikChange® II kit parameters for the primer design. The sequence of RasC was uploaded, 

residues to change identified, and output residues selected. The design tool then returned 

suggestions for primers to use, and these suggestions were used. The primers used for the SDM 

are described in Table 5.3. All mutations except RasCAlloΔBasic were conducted with a single 

primer pair and in a single step. RasCAlloΔBasic however has residues that were too distant to 

mutate at once, so they were sequentially mutated to provide a correctly mutated RasC sequence. 

The mutations were conducted in pBluescript SK-, with Flag-RasC, as the template for the SDM 

PCR reaction. The SDM PCR was attempted with Flag-RasC in pDM304, but due to the size and 

AT rich nature of the plasmid, SDM was unsuccessful in that backbone.204,205 After the SDM 

PCR reaction, the product was digested with DpnI over night at 37 °C to digest the template 

DNA. After digestion, the DNA was transformed into bacteria without purification to allow for 

the highest chance of DNA entering the bacteria. After SDM Flag-RasC constructs were verified 

by sequencing, they were cloned into the pDM304 vector and resequenced to verify that the 

mutated RasC was correctly transferred.204,205  

The second cloning method was for transferring of the mutant RasC from pBluescript 

SK- to the pDM304 expression construct.204,205 This cloning used the pBluescript SK- constructs 

as a template DNA for a PCR reaction. For PCR reaction conditions, please see Table 5.4. After 
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the PCR reaction, the sample was separated on a 1% agarose ethidium bromide gel and the band 

at ~500 bp was excised from the gel and purified. The DNA fragment was digested with BglII 

and SpeI using sequential digestion with purification steps between each step to clean the 

cleaved DNA. The DNA digestion was conducted per the manufacture’s protocol. Empty 

pDM304 vector was digested in the same manner and was also dephosphorylated with FastAP to 

remove terminal phosphates and prevent non-productive ligations. After these digestions, a 

ligation was performed with T4 ligase, and the construct was transformed into bacteria for 

amplification and purification.  

The third cloning method used was implementing the GoldenBraid cloning system for 

Dictyostelium developed by Kundert et al.167 This system was used to generate all of the CA-

RasC mutants. To do this, each mutant Flag-RasC was cloned into the entry plasmid of the 

GoldenBraid system, pUPD2. Once there, the mutant Flag-RasC was mutated with SDM a 

second time to conduct a Q62L substitution and cause the mutants to be constitutively active. 

The primers used to PCR the DNA fragment to transfer into pUPD2 are described in Table 5.5. 

The primers used for the SDM of Q62L were described in Table 5.3. The generation of the DNA 

fragments was conducted with general PCR with their conditions described in Table 5.4. The 

PCR products were cleaned and prepared for digestion with a DNA clean and concentrate kit 

from Zymo research. The introduction of genes of interest into pUPD2 is called domestication 

and requires the initial step of PCR fragment generation, followed by a combined “assembly” 

reaction in which ligase and restriction enzymes are added to a mixture of the PCR insert and the 

entry vector. Both the vector and insert are digested simultaneously and ligated together in a 

protocol that incubates at 37 °C and then 16 °C in a repeating cycle for 24 times (see table 5.6). 

This is possible because the restriction enzyme used is a type II restriction enzyme and there are 
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specific DNA sequences called “grammar” which allow for the assembly of DNA fragments in a 

specific order and allows for the accumulation of desired assemblies over the course of the 24 

cycles. The enzyme used for domestication was BsmBI. After the domestication reaction, the 

vector was transformed into bacteria and purified as usual. Once domesticated, the gene of 

interest fragment needs to be assembled into a functional transcription unit (FTU) with a 

promotor, gene of interest, and a terminator. This involves a second type II restriction enzyme, 

BsaI, and an assembly reaction with a new target vector, pDGBα1, and three pUPD2 vectors 

each containing either the promotor, gene of interest, or the terminator. In our assemblies we 

used the Actin 15 promotor and the Actin 8 terminator, the same ones as used in the pDM304 

vectors. Next, we conducted a second assembly this time using the FTU, a vector with the 

Dictyostelium extrachromosomal maintenance and replication genes, and a target vector with a 

neomycin/G418 resistance cassette, pDGBΩ1. This assembly was conducted as previously, but 

instead of BsaI we used BsmB1 again. The technical complexity of this method is beyond the 

scope of this description, but this describes what steps were undertaken to produce functional 

vectors for CA-RasC expression in Dictyostelium. We implemented this methodology because 

we needed to make many constructs in a short time and the SDM and traditional cloning methods 

used to generate the RasC pDM304 constructs would have taken much longer. The pDM304 

method was only used to generate the first mutants because the GoldenBraid method had not 

been developed yet and was not available.   
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Cell Line Source of Cells 
rasC null Dictyostelium Stock Center (Devreotes) 
AX2 Dictyostelium Stock Center 
AX2-FLN David Knecht168 

Table 5.1 Cell Lines 

 

Antibody Blocking 1° Antibody Wash I 2° antibody Wash II 
Flag 5 % Milk TBST 5% Milk TBST 

1: 2,000 
1 h RT 

5% Milk TBST 
3x 10min 

5% Milk TBST 
Mo 1:20 000 

1 h RT 

5% Milk TBST 
3x 10min 

Actin 5 % Milk TBST 5% Milk TBST 
1: 1 000 

1 h RT or o/n 

TBST 
3x 10 min 

5% Milk TBST 
Mo 1:20 000 

1 h RT 

TBST 
3x 10 min 

pPKB 5% BSA TBST 5% BSA TBST 
1: 10 000 

1 h RT 

TBST 
3x 10 min 

5% Milk TBST 
Rb 1:20 000 

1 h RT 

TBST 
3x 10 min 

pP70SK 5% BSA TBST 5% BSA TBST 
1: 

1 h RT 

TBST 
3x 10 min 

5% Milk TBST 
Mo 1:20 000 

1 h RT 

TBST 
3x 10 min 

Pan Ras 5 % Milk TBST 5% Milk TBST 
1: 200 

1 h RT or o/n 

TBST 
3x 10 min 

5% Milk TBST 
Mo 1:20 000 

1 h RT 

TBST 
3x 10 min 

Table 5.2a Western Blot Protocols 

 

ANTIBODY PRIMARY BLOT DILUTION SOURCE 
α pPKBR1 1:10 000 Biomatik 
α CAR1 1:1 000 Gift from Peter Devreotes 
αACTIN 1:1 000 Beta-Actin (C4) Santa Cruz SC-47778 
αRLUC2 1:5 000 MBL International PM047 
αGFP (LIVING COLORS) 1:5 000 Clontech TakaraBio 632375 
αGST 1:5 000 UBP Bio Y1021 
αT7 1:1 000 Cell Signaling 13246 
αFLAG 1:2 000 Sigma M2 F1804 
αPAN RAS 1:200 EMD Millipore OP40-100ug 
pP70S6K  Cell Signaling 2056S 

Table 5.2b Western Blot Primary Antibody Dilutions 
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MUTATION PRIMER (5’ TO 3’) 

RASC31D FRW: ctattcaattaacacaaaatcaattcattgatgaatatgatccaactatagaaaactct 
REV: agagttttctatagttggatcatattcatcaatgaattgattttgtgttaattgaatag 

RASC31K FRW: cacttactattcaattaacacaaaatcaattcattaaggaatatgatccaactatagaaaactcttatcgtaa 
REV: ttacgataagagttttctatagttggatcatattccttaatgaattgattttgtgttaattgaatagtaagtg 

RASC31L FRW: cttactattcaattaacacaaaatcaattcattctagaatatgatccaactatagaaaactcttatcgt 
REV: acgataagagttttctatagttggatcatattctagaatgaattgattttgtgttaattgaatagtaag 

RASC36A FRW: caattcattgctgaatatgatccagctatagaaaactcttatcgtaaac 
REV: gtttacgataagagttttctatagctggatcatattcagcaatgaattg 

RASC38A FRW: attgctgaatatgatccaactatagcaaactcttatcgtaaacaagtaaac 
REV: gtttacttgtttacgataagagtttgctatagttggatcatattcagcaat 

RASC41A FRW: cattgctgaatatgatccaactatagaaaactctgctcgtaaacaagtaaacattg 
REV: caatgtttacttgtttacgagcagagttttctatagttggatcatattcagcaatg 

RASC38,39,40A FRW: gaatatgatccaactatagcagccgcttatcgtaaacaagtaaacattg 
REV: caatgtttacttgtttacgataagcggctgctatagttggatcatattc 

RASCALLOΔBASIC FRW1: ctaaaaatggtgcaccaaaacttgctgctaactccttaccctccattg 
REV1: caatggagggtaaggagttagcagcaagttttggtgcaccatttttag 
FRW2: cgttttgtggattttgattccatcttgcaatttctgcaacgagggtaaagaaggcctcttcaac 
REV2: gttgaagaggccttctttaccctcgttgcagaaattgcaagatggaatcaaaatccacaaaacg 

RASCHVRΔPOLAR FRW: acatccccttttctttggtgggagcatcgctgcggctgctggattttgattccatcttttaatttctctaac 
REV: gttagagaaattaaaagatggaatcaaaatccagcagccgcagcgatgctcccaccaaagaaaaggggatgt 

RASCHVRΔBASIC FRW: ctctagaactagtttacaatataatacatcccgctgccgctggtgggagcatctcttcgttttgtggattttgatt 
REV: aatcaaaatccacaaaacgaagagatgctcccaccagcggcagcgggatgtattatattgtaaactagttctagag 

RASCHVRΔPRENYL FRW: ctagaactagtttacaatataatagctccccttttctttggtgggagca 
REV: tgctcccaccaaagaaaaggggagctattatattgtaaactagttctag 

CA-RASC FRW: attttagatacagccggtctagaagagtatagcgctatg 
REV: catagcgctatactcttctagaccggctgtatctaaaat 

Table 5.3 SDM Primers 
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RASC FRAGMENT PCR TEMP TIME 
STEP 1 98 °C 1 min 
STEP 2 98 °C 30 s 
STEP 3 55 °C 30 s 
STEP 4 68 °C 60 s 
STEP 5 Repeat steps 2-4  35 times 
STEP 6 72 °C 2 min 
STEP 7 16 °C o/n 

Table 5.4a PCR Protocol for RasC DNA Fragment  

 

RASC SDM PCR TEMP TIME 
STEP 1 98 °C 1 min 
STEP 2 98 °C 30 s 
STEP 3 68 °C 3 min 
STEP 4 Repeat steps 2-3  18-25 times 
STEP 5 72 °C 15 min 
STEP 6 16 °C o/n 

Table 5.4b PCR Protocol for SDM 

 

PCR REACTION VOLUME 
 Insert PCR SDM PCR 
TEMPLATE DNA (10 nG/μL 
MIN) 

6 μL 12 μL 

5X PCR BUFFER 20 μL 20 μL 
dNTP(10mM) 2 μL 2 μL 
FRW (5 μM) 10 μL 10 μL 
REV (5 μM) 10 μL 10 μL 
PHUSION DNA POLYMERASE 1 μL 1 μL 
H20 51 μL 45 μL 
TOTAL 100 μL 100 μL 

Table 5.4c PCR Reaction Mix 
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CLONING PRIMER (5’-3’) 

FLAG-RASC FROM 
BLUESCRIPT TO PDM304 

FRW: aagtgagatctaaaaaatggactacaaagacgatgac 
REV: aagtgactagtttacaatataatacatccccttttctttggtggg 

FLAG-RASCHVRΔBASIC FROM 
BLUESCRIPT TO PDM304 

FRW: aagtg agatct aaaaa atggactacaaagacgatgac 
REV: aagtg actagt tta caatataatacatcccgctgcc 

FLAG-RASCHVRΔPRENYL FROM 
BLUESCRIPT TO PDM304 

FRW: aagtg agatct aaaaa atggactacaaagacgatgac 
REV: aagtg actagt tta caatataatacatcccgctgcc 

FLAG-RASC FROM PDM304 
TO PUPD2  

FRW: gcgccgtctcactcgaatg gactacaaagacgatgacgacaagaattcc 
REV: gcgccgtctcactcgaagcttacaatataatacatccccttttctttggtggg 

FLAG-RASCHVRΔBASIC FROM 
PDM304 TO PUPD2 

FRW: gcgccgtctcactcgaatg gactacaaagacgatgacgacaagaattcc 
REV: 
gcgccgtctcactcgaagcttacaatataatacatcccgctgccgctggtgggagcatctcttcgttttgtgg 

FLAG-RASCHVRΔPRENYL FROM 
PDM304 TO PUPD2 

FRW: gcgccgtctcactcgaatg gactacaaagacgatgacgacaagaattcc 
REV: gcgccgtctcactcgaagcttacaatataatagctccccttttctttggtgggagcatctcttcg 

Table 5.5 RasC Fragment PCR Primers 
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GOLDENBRAID ASSEMBLY TEMP TIME 
STEP 1 37 °C 2 min 
STEP 2 16 °C 5 min 
STEP 3 Repeat steps 1-2 24-35 times 
STEP 4 55 °C 2 min 
STEP 5 16 °C 5 min 
STEP 6 Repeat steps 4-5 10 times 
STEP 7 55 °C o/n 

Table 5.6 GoldenBraid Assembly Protocol 
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Reagent/kit/equipment Manufacturer Catalogue Number 
Acetic Acid VWR  
Agar Granulated ApexBio 20-248 
Agarose GoldBio  
Ampicillin VWR VWRV0339-25G 
Antibiotic Antimycotic (100x) Omega Scientific AA-40-PK 
Aprotinin GoldBio A-655-100 
660 Protein Assay Thermo Scientific Pierce 22660 
30% Acrylamide/Bis Solution Bio-Rad 1610158 
Bovine Serum Albumin GoldBio A-420-250 
cAMP sodium salt monohydrate Sigma-Aldrich A6885 
Coelenterazine H Biotium 10111-1 
Coomassie Brilliant Blue R-250 VWR  
DMSO VWR  
DNA clean and Concentrator Kit Zymo Research 11-305 
ZR plasmid miniprep classic kit  Zymo Research D4016 
Omega Biotek Plasmid DNA Maxi Kit Life Science Products Inc D6922-02 
ZymoPure II Plasmid Kit Zymo Research D4202 
dNTP mix GoldBio D-900-1 
DTT GoldBio DTT10 
Ethanol Stores (University of Arizona) 17212945 
200 Proof Ethanol VWR 89125-172 
Ethidium Bromide VWR  
1kb DNA Ladder GoldBio D010-2500 
Geneticin GoldBio G-418-5 
Glycerol VWR MK509216 
Glycine Santa Cruz Biotechnology SC-29096C 
HL5 Medium including Glucose ForMedium HLG0103 
LoFlo Medium ForMedium LF0501 
Isopropanol Fisher  
Phusion Hot Start II HF DNA Polymerase Thermo Fisher F549S 
Methanol VWR BDH1135-19L 
Nonidet P40 (NP40) VWR 97064-730 
IGEPAL CA-630 Santa Cruz Biotechnology sc-280818A 
POLARstar Omega microplate reader BMG Labtech  
Potassium phosphate, monobasic VWR  
Powdered Milk Amazon  
Restriction Enzymes NEB and Thermo Fisher  
RNase A Invitrogen  
Sodium dodecyl sulfate (SDS) Research Products International L22010 
Sodium Acetate  VWR  
Sodium Chloride Santa Cruz Biotechnology sc-203274C 
Sodium phosphate, dibasic Fisher  
Sucrose Fisher  
Super Ultra ECL Reagent ABP Biosciences FP303 
SuperSignal West Atto ECL Reagent Fisher Scientific A38554 
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T4 DNA Ligase Fisher Scientific 50811604 
TEMED Research Products International 
Tris(hydroxymethyl)aminomethane 
hydrochloride (Tris) 

GoldBio T-400-10

Yeast Extract Apex 
Table 5.7 Reagents Kits and Equipment 
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REVIEW

Ras, PI3K and mTORC2 – three’s a crowd?
Stephen F. Smith, Shannon E. Collins and Pascale G. Charest*

ABSTRACT
The Ras oncogene is notoriously difficult to target with specific
therapeutics. Consequently, there is interest to better understand the
Ras signaling pathways to identify potential targetable effectors.
Recently, the mechanistic target of rapamycin complex 2 (mTORC2)
was identified as an evolutionarily conserved Ras effector. mTORC2
regulates essential cellular processes, including metabolism, survival,
growth, proliferation and migration. Moreover, increasing evidence
implicatemTORC2 in oncogenesis. Little is known about the regulation
of mTORC2 activity, but proposed mechanisms include a role for
phosphatidylinositol (3,4,5)-trisphosphate – which is produced by
class I phosphatidylinositol 3-kinases (PI3Ks), well-characterized
Ras effectors. Therefore, the relationship between Ras, PI3K and
mTORC2, in both normal physiology and cancer is unclear; moreover,
seemingly conflicting observations have been reported. Here, we
review the evidence on potential links between Ras, PI3K and
mTORC2. Interestingly, data suggest that Ras and PI3K are both
direct regulators of mTORC2 but that they act on distinct pools of
mTORC2: Ras activates mTORC2 at the plasmamembrane, whereas
PI3K activates mTORC2 at intracellular compartments. Consequently,
we propose a model to explain how Ras and PI3K can differentially
regulate mTORC2, and highlight the diversity in the mechanisms of
mTORC2 regulation, which appear to be determined by the stimulus,
cell type, and the molecularly and spatially distinct mTORC2 pools.

KEY WORDS: Ras GTPase, Phosphatidylinositol 3-kinase,
Mechanistic target of rapamycin complex 2

Introduction
Ras is an evolutionarily conserved small GTPase and notorious
oncogene (Pylayeva-Gupta et al., 2011; Simanshu et al., 2017). In
mammalian cells, Ras is mostly characterized for its role in
mediating the cellular response to growth factors, which leads to
modulation of gene expression necessary for cell growth and
proliferation through activation of the extracellular-regulated
kinase (ERK) signaling cascade (Malumbres and Barbacid, 2003).
The three closely related human Ras isoforms, H-Ras, N-Ras and
K-Ras, have been extensively studied because of their involvement in
tumorigenesis, with ∼25% of tumors expressing an active mutant
form of one of these Ras proteins (Khan et al., 2020). Ras proteins act
as molecular switches, cycling between GTP-bound active and GDP-
bound inactive states. This activity cycle is regulated by (i) guanosine
exchange factors (GEFs) that stimulate the exchange of GDP for GTP
on Ras, thereby active Ras; and (ii) GTPase-activating proteins
(GAPs) that stimulate the intrinsic GTPase activity of Ras, leading to
hydrolysis of GTP into GDP and, thereby, inactivating Ras (Vigil

et al., 2010; Nakhaei-Rad et al., 2018). Ras oncogenic mutations are
those that result in a persistent GTP-bound, active state. The most
common oncogenic Ras mutations are substitution of a single amino
acid at positions 12, 13 or 61, which induces a constitutively active
Ras phenotype (Muñoz-Maldonado et al., 2019). Apart from the
K-Ras G12C mutation, with the cysteine offering a chemical
handle for covalent inhibitors, oncogenic Ras has proven
extremely hard to target directly (Ostrem et al., 2013;
McCormick, 2019). Ras effectors and downstream pathways are
also under consideration for potential cancer treatments and,
therefore, a lot of interest and effort is placed into identifying new
Ras effector pathways (Engin et al., 2017).

Well-described Ras effectors include the serine/threonine kinase
Raf (Vojtek et al., 1993), class I phosphatidylinositol 3-kinases
(PI3Ks; hereafter referred to as PI3K unless indicated otherwise)
(Kodaki et al., 1994; Rodriguez-Viciana et al., 1994) and the ral
guanine nucleotide dissociation stimulator RALGDS (Hofer et al.,
1994). These, and many other known effectors of Ras, interact with
the switch-I region of Ras through an ubiquitin-like fold structure,
forming an interprotein beta-sheet (Wohlgemuth et al., 2005).
These conserved structures have been termed Ras association (RA)
or Ras binding (RB) domains, depending on the set of residues
involved in the interaction (Wohlgemuth et al., 2005). Other
identified effectors of Ras, such as Src (Thornton et al., 2003) and
calmodulin (Abraham et al., 2009), do not interact through a
canonical RA or RB domain. By usingDictyostelium discoideum as
an experimental model system, we identified the mechanistic target
of rapamycin complex 2 (mTORC2) to be a non-canonical effector
of Ras (Khanna et al., 2016), which was recently found to be
conserved in human cells (Kovalski et al., 2019; Lone et al., 2019)
and to play a role in cancer (Kovalski et al., 2019).

mTORC2 is one of two multiprotein complexes formed by the
mTOR serine/threonine kinase (Jhanwar-Uniyal et al., 2019).
mTORC1 is a master regulator of cell growth, controlling
metabolism, protein synthesis and autophagy (Liu and Sabatini,
2020), whereas mTORC2 is best characterized for its evolutionarily
conserved roles in regulating cell survival and actin cytoskeleton
reorganization (Xie et al., 2018). While much is known about the
biochemistry and regulation of mTORC1 cellular functions, the
mechanisms governing mTORC2 activation and function remain
largely unknown. For detailed descriptions of the structure,
pathways and cellular functions of the mTOR complexes, we refer
to other recent Reviews on these general topics (Xie et al., 2018;
Jhanwar-Uniyal et al., 2019; Liu and Sabatini, 2020). Previous work
suggests that mTORC2 activation by growth factor stimulation is
mediated by PI3K, a well-characterized Ras effector (Gan et al.,
2011; Liu et al., 2015). Consequently, there is increasing interest to
understand the relationship between Ras, mTORC2 and PI3K
(Fig. 1). Here, we review the Ras-mediated regulation of PI3K and
mTORC2, including work performed by using eukaryotic model
organisms that contributed to our current knowledge of these
pathways. We also discuss potential mechanisms and contexts in
which the pathways may intersect.
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RAS regulation of PI3K
There are three different classes of PI3K, which synthesize three
different phosphoinositides (Jean and Kiger, 2014). Class I PI3Ks
are heterodimeric enzymes that synthesize the signaling lipid
phosphatidylinositol (3,4,5)-trisphosphate [PI(3,4,5)P3] and have
an RB domain in their p110 catalytic subunits. Only the class I
subunits (PIK3CA, PIK3CD and PIK3CG; also known as to as
PI3Kα, PI3Kδ and PI3Kγ, respectively) are stimulus-dependent Ras
effectors (Vanhaesebroeck et al., 2010; Rathinaswamy and Burke,
2020). Ras-mediated activation of PI3K can occur downstream of a
variety of signaling inputs, including receptor tyrosine kinases
(RTKs) and seven transmembrane receptors [7TMs; also called G
protein-coupled receptors (GPCRs)], and is conserved throughout
evolution, as highlighted by the important role of this pathway in the
primitive eukaryote and model organism Dictyostelium discoideum
(Funamoto et al., 2001, 2002; Sasaki et al., 2004; 2007; Comer
et al., 2005; Comer and Parent, 2006; Charest and Firtel, 2007;
Takeda et al., 2007; Bosgraaf et al., 2008; Zhang et al., 2008; Gruver
et al., 2008; Kölsch et al., 2008). The best-understood activation
mechanism of class I PI3K is the onewhere it is directly activated by
RTKs in mammalian cells: the Src homology 2 (SH2) domains of
PI3K bind to phosphorylated tyrosine residues on an activated RTK,
leading to a conformational change in the active site of PI3K,
thereby stimulating its catalytic activity (Fruman et al., 2017).
Whether the mechanism through which Ras regulates PI3K activity
involves such an allosteric activation mechanism, resulting from
Ras binding to the RB domain of PI3K, is still unclear. However,
recent studies suggest that, at least for the RTK-induced activation
of mammalian PIK3CA, Ras mostly acts to stabilize PI3K at the
plasma membrane, whereas PI3K is allosterically activated by the
RTK (Buckles et al., 2017; Nussinov et al., 2019).
Ras-mediated regulation of PI3K plays a role in many cellular

processes involved in both normal physiology and disease
(Castellano and Downward, 2011). In all of these contexts, the
Ras-stimulated production of PI(3,4,5)P3 results in the membrane
recruitment and, in many cases, activation of pleckstrin homology
(PH) domain-containing proteins (Riehle et al., 2013). These
PH domain-containing proteins include the well-studied
3-phosphoinositide-dependent protein kinase 1 (PDPK1, herafter

referred to as PDK1) and AKT kinases, GEFs for Rac small
GTPases and Bruton tyrosine kinase (Btk) (Fig. 2). The best-
characterized roles of Ras–PI3K signaling in eukaryotes are the
regulation of AKT function in cell survival and growth, as well as
the remodeling of the actin cytoskeleton (Kölsch et al., 2008;
Hoxhaj and Manning, 2019). In addition to promoting its
recruitment to the plasma membrane, mammalian PI3K promotes
activation of AKT through PI(3,4,5)P3-mediated recruitment to the
membrane and activation of PDK1, which, in turn, activates AKT
by phosphorylating threonine residue 308 within its activation loop
(Stokoe et al., 1997; Vanhaesebroeck and Alessi, 2000). The Ras–
PI3K pathway can also regulate the actin cytoskeleton by promoting
Rac signaling in various cellular contexts (Campa et al., 2015).

Work in Dictyostelium greatly contributed to what is currently
known about the role of Ras–PI3K signaling in the control of the
actin cytoskeleton. Ras, PI3K and actin in Dictyostelium are linked
through a positive-feedback loop and control cell migration as well
as cytokinesis (Sasaki et al., 2004, 2007; Janetopoulos et al., 2005;
Arai et al., 2010). In this feedback loop, PI(3,4,5)P3-mediated
polymerization of filamentous actin (F-actin) leads to increased Ras
and PI3K activation; this results in localized amplification of the
PI(3,4,5)P3 signal, which, in turn, leads to pseudopod protrusion in
migrating cells (Sasaki et al., 2004, 2007; Arai et al., 2010) and to
separation of the poles in dividing cells (Janetopoulos et al., 2005).
Similar feedback loops that involve Ras, PI3K and actin also
amplify PI3K signaling in mammalian cells (Peyrollier et al., 2000;
Wang et al., 2002; Yang et al., 2012), and promote fibroblast
migration (Thevathasan et al., 2013). Compelling evidence support
the notion that Ras–PI3K signaling plays a conserved role in
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Fig. 1. The unclear relationship between Ras, PI3K and mTORC2. Ras is
activated by many different stimuli and its intracellular effectors include class 1
phosphatidylinositol 3-kinases (PI3Ks) that produce PI(3,4,5)P3 and, as
recently identified, mTORC2. Several studies suggest that PI(3,4,5)P3
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controlling the migration of many types of mammalian cell,
including fibroblasts (Thevathasan et al., 2013; Castellano et al.,
2016), neutrophils (Suire et al., 2006), smooth muscle cells (Tanski
et al., 2002) and endothelial cells (Eller-Borges et al., 2015). In
Dictyostelium cells that migrate in response to the chemoattractant
cyclic AMP (cAMP), the Ras–PI3K pathway is primarily important
to respond to shallow cAMP gradients, and to increase the speed and
directional accuracy of migration in steeper cAMP gradients, which
is likely to be attributable to the PI(3,4,5)P3 amplification feedback
loop (Postma et al., 2004; Takeda et al., 2007; Bosgraaf et al., 2008;
Gruver et al., 2008). Ras–PI3K signaling in migratingDictyostelium
cells also controls the pathway leading to the intracellular
production and, then, secretion of cAMP (Comer et al., 2005;
Comer and Parent, 2006). This pathway functions to relay the cAMP
chemoattractant signal to other Dictyostelium cells, thereby
attracting many cells for aggregate formation during development
(Mahadeo and Parent, 2006). Interestingly, it is in the context of
Dictyostelium chemotaxis and chemoattractant signal relay
regulation that Ras was first discovered to also signal through
mTORC2 (Lim et al., 2001; Lee et al., 2005; Bolourani et al., 2006;
Kamimura et al., 2008; Cai et al., 2010; Charest et al., 2010).

RAS regulation of mTORC2
mTORC2 plays evolutionarily conserved roles, controlling the actin
cytoskeleton and cell survival (Xie et al., 2018). In yeast, mTORC2
also acts as a sensor to control lipid and protein composition of the
plasma membrane (Roelants et al., 2017). In Dictyostelium,
mTORC2 controls phagocytosis and is central to the directed
migration of cells (chemotaxis) in response to the chemoattractant
cAMP by regulating the actin cytoskeleton and cAMP synthesis
(Lee et al., 2005; Charest et al., 2010; Kamimura and Devreotes,
2010; Rosel et al., 2012). In mammalian cells, mTORC2 controls
the actin cytoskeleton and cell migration in addition to several other
cellular functions, such as ion transport, cell-substrate adhesion,
cellular survival, proliferation and growth, as well as metabolism
(Fig. 3) (Jacinto et al., 2004; Zhou and Huang, 2010; Liu et al.,
2010; Gulhati et al., 2011; Farhan et al., 2015; Chen et al., 2015a,b;
Yin et al., 2016; Sato et al., 2016; Roelants et al., 2017; Xie et al.,
2018; Jaiswal et al., 2019; Liu and Sabatini, 2020). Similar to that in

Dictyostelium, mTORC2-mediated regulation of the actin
cytoskeleton in mammalian cells is involved in controlling the
motility, migration and chemotaxis of many types of cell, including
neutrophils and human cancer cells (Zhou and Huang, 2010;
Gulhati et al., 2011; Liu and Parent, 2011; Kim et al., 2017; Holroyd
and Michie, 2018; Liu and Sabatini, 2020). Many of the known
functions of mTORC2 in human cells are linked to its direct
regulation of AKT activity through phosphorylation of serine
residue 473 in its C-terminal hydrophobic motif, which, together
with PDK1-mediated activation loop phosphorylation, results in full
activation of AKT (Sarbassov et al., 2005; Hoxhaj and Manning,
2019). Other known substrates of mammalian mTORC2 include
protein kinase C (PKC), serum/glucocorticoid-regulated kinase 1
(SGK1), filamin A, the insulin receptor (InsR) and the insulin
growth factor 1 receptor (IGF1R) (Fig. 3) (Chantaravisoot et al.,
2015; Sato et al., 2016; Yin et al., 2016; Liu and Sabatini, 2020).

In a yeast-two-hybrid screen for Dictyostelium proteins that
interact with the active form of mammalian H-Ras (Lee et al., 1999),
one of the identified Ras-interacting proteins, i.e. Ras interacting
protein 3 (RIP3), was later found to be the homologue of
mammalian mTORC2 subunit MAPKAP1 (also known and
hereafter referred to as SIN1), a unique and essential component
of mTORC2 (Myers et al., 2005; Jacinto et al., 2006; Yang et al.,
2006). SIN1 and the rapamycin-insensitive companion of mTOR
(RICTOR) are two evolutionarily conserved unique components of
mTORC2 that are essential for its integrity and provide functional
specificity, whereas the other conserved subunits mTOR and lethal
with SEC13 protein 8 (LST8) are part of both mTOR complexes
(Liu and Sabatini, 2020) (Fig. 3). SIN1, which has RB and PH
domains, is linked to the recognition of mTORC2 substrates as well
as the regulation of its localization and activation (Jacinto et al.,
2006; Schroder et al., 2007; Bracho-Valdes et al., 2011; Cameron
et al., 2011; Liu et al., 2015; Tatebe et al., 2017; Yao et al., 2017).
Five human SIN1 isoforms have been described but only SIN1.1,
SIN1.2 and SIN1.5 – the latter being a much smaller isoform that
lacks most of the N- and C-terminal domains – have been found to
assemble into mTORC2 and form three distinct complexes, with
only SIN1.1- and SIN1.2-containing mTORC2 regulated by insulin
stimulation (Frias et al., 2006). Recent insights from high resolution
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cryo-EM structures of mTORC2, together with those from previous
biochemical studies, revealed that SIN1 interacts with the FK506-
binding protein 1b (FKBP12)-rapamycin-binding (FRB) and kinase
domains of mTOR; this occludes the active site of mTOR, thereby
inhibiting mTORC2 while, nevertheless, having a role in substrate
recruitment (Jacinto et al., 2006; Liu et al., 2015; Karuppasamy
et al., 2017; Tatebe et al., 2017; Chen et al., 2018; Stuttfeld et al.,
2018). Consequently, it is generally assumed that any mTORC2
activation mechanism includes a conformational change of SIN1 in
order to free the active site of mTOR (Fig. 3).
Interestingly, although the Dictyostelium SIN1 homologue RIP3

(officially known as RipA) interacts in vitro with H-Ras and the
Dictyostelium Ras protein RasG, in vivo studies revealed that the
Ras protein RasC is responsible to promote mTORC2 activation
(Kamimura et al., 2008; Cai et al., 2010; Charest et al., 2010).
Active RasC directly binds the kinase domain of mTOR and not the
RB domain of RIP3 (Khanna et al., 2016). However, the Ras-related
protein Rap1 binds to the RB domain of RIP3 and regulates the
RasC-mediated activation of mTORC2 (Khanna et al., 2016).
Furthermore, in its GDP-bound form, the Dictyostelium RhoA
GTPase RacE, was also recently found to play a role in promoting
activation of mTORC2 by associating with RasC (Senoo et al.,
2019). Notably, human Rap1b was also found to bind the RB
domain of human SIN1 in a GTP-dependent manner in vitro
(Khanna et al., 2016), and human RhoA was also shown to pull
down mTORC2 in human embryonic kidney 293(HEK293) cells
(Senoo et al., 2019). Therefore, these observations suggest that both
a Rap1- and human RhoA-mediated regulation of mTORC2 activity
is conserved in mammalian cells, but further studies are needed to
understand their biological implications. Interestingly, the small
GTPase Rac1 also regulates mammalian mTORC2 by promoting its
recruitment to the plasma membrane through a nucleotide-
independent interaction with mTOR (Saci et al., 2011).
In mammalian cells, diverse stimuli and receptor systems can

signal through mTORC2. The evidence suggests that the
mechanism varies with the nature of cells and stimulus,
contributing to the specificity of the response (Knudsen et al.,
2020). For instance, the activity of mammalian mTORC2 was
reported to be stimulated by the association of mTORC2 with
ribosomes in a PI3K-dependent manner (Zinzalla et al., 2011), by
cAMP signaling (Sato et al., 2014; Mukaida et al., 2017), release
and/or degradation of DEP domain-containing mTOR-interacting
protein (DEPTOR) (Peterson et al., 2009), phosphatidic acid
binding to mTOR (Foster, 2013; Menon et al., 2017), association
with PKC (Partovian et al., 2008; Gleason et al., 2019), Rac1-
mediated recruitment to the plasma membrane (Saci et al., 2011),
the AKT-mediated phosphorylation of SIN1 (Yang et al., 2015),
binding of SIN1 to PI(3,4,5)P3 (Gan et al., 2011; Liu et al., 2015)
and, as discussed here, direct interaction of Ras with mTORC2
(Khanna et al., 2016; Kovalski et al., 2019; Lone et al., 2019).
Indeed, recent studies using oncogenic Ras mutants revealed that
the binding of active Ras to mTORC2, which results in stimulation
of mTOR activity, is conserved in human cells and, importantly, that
this signaling pathway likely plays a general role in oncogenesis
(Kovalski et al., 2019; Lone et al., 2019). In particular, a recent study
that elegantly combined proximity-dependent proteomics and
CRISPR genetics followed by rigorous in vitro and in vivo studies,
identifiedmTORC2 as an effector of oncogenic H-Ras, N-Ras andK-
Ras, which involves their direct interaction with mTOR and SIN1
(Kovalski et al., 2019). Results of this study further show that mTOR
primarily interacts with oncogenic Ras through its kinase domain – as
was found for Dictyostelium RasC (Khanna et al., 2016) – and with

possible secondary sites located in the N-terminal HEAT domain
region of mTOR, reminiscent of the binding of Rheb to mTOR in
mTORC1 (Long et al., 2005; Avruch et al., 2009; Yang et al., 2017).
In addition to binding mTOR, oncogenic Ras was also found to
interact with the RB domain of SIN1 and to be crucial for Ras in
order to interact with and activate mTORC2 (Kovalski et al., 2019).
Consequently, as human Ras has previously been suggested to
form dimers (Zhou et al., 2018), it was proposed that a Ras dimer
binds mTORC2, with one Ras protomer interacting with the
mTOR kinase domain while the other interacts with SIN1
(Kovalski et al., 2019).

Considering the evidence and all reported observations with
regard to Ras-mediated activation of mTORC2 in eukaryotes, we
propose the idea of a general, conserved mechanism where Ras
binds to the mTOR kinase domain, while another Ras family protein
– whether an additional Ras, Rap1 or RhoA – simultaneously binds
to the RB domain of SIN1 to fully activate mTORC2 (Fig. 4A).
Therefore, the binding of one of the small GTPases Ras, Rap1 or
RhoA to SIN1 could play two simultaneous roles: (1) the
recruitment of mTORC2 to the plasma membrane; and (2) the
displacement of SIN1 from the active site of mTOR, thereby
assisting the Ras-mediated stimulation of kinase activity by direct
binding of Ras to mTOR. Most likely, depending on the cells,
stimulus or the intracellular localization of mTORC2, the
mechanism to displace SIN1 and release its inhibition of mTOR
kinase will vary. For example, instead of a Ras family protein
binding to SIN1, its displacement from the active site of mTOR can
be achieved by binding of PI(3,4,5)P3 to the PH domain of SIN1
(Gan et al., 2011; Liu et al., 2015).

PI3K regulation of mTORC2
Evidence suggests that PI3K promotes mTORC2 activation in
mammalian cells, either directly through binding of PI3K-
produced PI(3,4,5)P3 to SIN1 (Gan et al., 2011; Liu et al., 2015)
or indirectly as part of pathways that lead to mTORC2 activation
(Zinzalla et al., 2011; Liu et al., 2013; Yang et al., 2015). Such
indirect PI3K regulation of mTORC2 includes the insulin-induced
PI3K signaling-dependent association of mTORC2 with
ribosomes, an interaction proposed to induce mTORC2 activation
(Zinzalla et al., 2011). At the ribosome, mTORC2 is then
positioned to co-translationally phosphorylate members of the
protein kinase A, PKG and PKC (AGC) kinase family at their turn
motif, found in some AGC kinases downstream of the catalytic
domain, which is crucial for the folding and stability of AKT and
conventional PKC (cPKC) (Facchinetti et al., 2008; Ikenoue et al.,
2008; Oh et al., 2010). Therefore, in this context, the regulation of
mTORC2 activity downstream of insulin-PI3K signaling provides
a mechanism to couple insulin-induced protein synthesis and
quality control. Another indirect mechanism for the PI3K-mediated
regulation of mTORC2 in mammalian cells is the PI(3,4,5)P3- and
PDK1-dependent, AKT-mediated phosphorylation of SIN1 on
threonine residue 86 (T86) as part of a positive feedback loop (Liu
et al., 2013; Yang et al., 2015). In response to growth factor
stimulation, PDK1-mediated phosphorylation of the AKT activation
loop first increases the kinase activity of AKT, which then
phosphorylates SIN1, leading to enhanced mTORC2 kinase
activity; following that, mTORC2 phosphorylates the hydrophobic
motif of AKT, thereby achieving full AKT activation (Fig. 4A). The
exact mechanism through which mTORC2 is activated upon T86
phosphorylation of SIN1 remains unknown; however, it was
proposed to involve a weakening of the interaction between SIN1
and mTOR within mTORC2, as concurrent phosphorylation of T86
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and T398 of SIN1 promotes its complete dissociation from the
complex (Liu et al., 2013).
The PH domain of human SIN1 binds phosphatidylinositol and

its phosphorylated derivatives as well as phosphatidic acid (PA)
with no clear preference in lipid overlays, but it preferentially
binds to PI(3,4,5)P3 in more physiologically-relevant liposomes
(Schroder et al., 2007; Liu et al., 2015). The binding of SIN1 to
PI(3,4,5)P3 appears highly conserved because the PH domain of
Avo1, the yeast homologue of mammalian SIN1, was also found to
bind phosphatidylinositol (4,5)-bisphosphate [PI(4,5)P2], i.e. the
yeast functional homologue of PI(3,4,5)P3 in higher eukaryotes
(Strahl and Thorner, 2007; Berchtold and Walther, 2009). The role
of Avo1/SIN1 when binding to PI(4,5)P2/PI(3,4,5)P3, however, is
still debated. It has initially been proposed that AvoI/SIN1 binding
to PI(4,5)P2/PI(3,4,5)P3 represents an evolutionarily conserved role
of this mTORC2 subunit in promoting the localization of mTORC2
to the plasma membrane. In yeast, mTORC2, indeed, partly
localizes to membranes, particularly within discreet actin-
independent foci at the plasma membrane (Kunz et al., 2000;
Wedaman et al., 2003; Sturgill et al., 2008; Berchtold and Walther,
2009; Martinez Marshall et al., 2019). However, recent evidence
suggests that the association of yeast Avo1 with the plasma
membrane is independent of its PH domain and PI(4,5)P2. Instead,
through its Armadillo repeats, Avo3 – the yeast homologue of
mammalian RICTOR – promotes localization of mTORC2 at the
plasma membrane (Martinez Marshall et al., 2019). To our
knowledge, a role for RICTOR in targeting mammalian mTORC2
to membranes has yet to be explored. Nevertheless, there is strong
evidence suggesting that the PH domain of mammalian SIN1
mediates its localization to both intracellular membranes and the
plasma membrane, and that mTORC2 complexes formed with the
PH domain-containing SIN1 isoforms SIN1.1 and SIN1.2 also
display this localization (Frias et al., 2006; Schroder et al., 2007; Liu
et al., 2015; Ebner et al., 2017). Intriguingly though, whereas the PH
domain of human SIN1 – when expressed alone in cells – mostly
localizes to the cytosol and translocates to the plasma membrane in
response to insulin stimulation (Liu et al., 2015), full-length SIN1 is
already partly located at the plasma membrane in resting cells and

does not relocalize in response to insulin stimulation (Schroder
et al., 2007; Ebner et al., 2017). Therefore, despite the fact that the
PH domain of human SIN1 binds PI(3,4,5)P3 and is necessary for its
plasma membrane localization, together, the evidence suggests a
non-causal relationship.

Other evidence points to PI(3,4,5)P3 in directly stimulating
mTORC2 activity. As previously mentioned, recent structural
studies of both yeast and human mTORC2 revealed that Avo1/SIN1
interacts with the mTOR kinase domain in a way that occludes the
active site of the latter (Karuppasamy et al., 2017; Chen et al., 2018;
Stuttfeld et al., 2018). Furthermore, a previous biochemical study
using human cells showed that the interaction of SIN1 with the
kinase domain of mTOR involves the PH domain of SIN1 and,
possibly, its N-terminal domain, thereby inhibiting mTORC2
activity towards AKT (Liu et al., 2015). Further observations in
this study indicate that binding of PI(3,4,5)P3 to the PH domain of
SIN1 can relieve inhibition of mTOR kinase by SIN1, leading to
activation of mTOR kinase (Liu et al., 2015). Interestingly, the PH
domain of yeast Avo1 was also found to be necessary for mTORC2
activity, although it is unknown whether binding of PI(4,5)P2 has a
role in promoting activation (MartinezMarshall et al., 2019). In fact,
the PI(3,4,5)P3-induced mTORC2 activation might not be universal
becauseDictyostelium strains that lack PI3K activity display normal
mTORC2 activity and function during chemotaxis (Kamimura
et al., 2008). Furthermore, a direct activation of human mTORC2 by
PI(3,4,5)P3 is still debated. Although two studies reported that
PI(3,4,5)P3 stimulates activation of purified mTORC2 in vitro (Gan
et al., 2011; Liu et al., 2015), another study, using a very similar
experiment, observed no effect of PI(3,4,5)P3 on mTORC2 activity
(Frias et al., 2006). The main difference between these studies is the
nature of the liposomes used to carry PI(3,4,5)P3; thus, it would be
interesting to evaluate the effect of the other lipids included in the
liposomes on mTORC2 activity.

The use of LocaTOR2, a cleverly designed compartment-specific
biochemical reporter of mTORC2 activity that uses AKT
phosphorylation as readout, provided valuable insight to the
intracellular locations in which human mTORC2 is activated and
to its regulation by PI(3,4,5)P3 (Ebner et al., 2017). In this regard,
although the PH domain of SIN1 was found to be essential for the
plasma membrane localization of mTORC2, observations suggest
that this localization as well as the activity of mTORC2 at this site
are not regulated by PI(3,4,5)P3 (Ebner et al., 2017). Instead, PI3K
signaling was found to promote activation of an endosomal pool of
mTORC2 (Ebner et al., 2017). Moreover, since recruitment of AKT
to the plasma membrane automatically leads to phosphorylation of
its hydrophobic motif in human cells, it was proposed that the
plasma membrane pool of human mTORC2 is constitutively active
(Ebner et al., 2017). However, whether SIN1 in mTORC2 at the
plasma membrane of the human cells used in this study binds to
other lipids or small GTPases that displace it from the active site of
mTOR to promote mTORC2 activation remains to be determined.

mTORC2 activation – RAS and/or PI3K?
As the LocaTOR2 reporter revealed, the localization of mTORC2 in
mammalian cells is likely to play a key role in determining its
mechanism of activation and regulation, as well as, most likely, its
cellular function (Ebner et al., 2017). Interestingly, components of
mTORC2 were found to localize, in addition to the plasma
membrane, to the cytosol, mitochondria, endoplasmic reticulum,
endosomes, lysosome, Golgi, nucleus, perinuclear region and with
ribosomes (reviewed in Knudsen et al., 2020). However, since
RICTOR and SIN1 have been shown to play cellular roles that are

Fig. 4. Model of howRas and PI3Kmight regulate distinct mTORC2 pools.
(A) Illustration of proposed mechanisms regulating the mTORC2 pool at the
plasma membrane. Several receptor systems, including seven
transmembrane receptors (7TMRs) and receptor tyrosine kinases (RTKs),
promotemTORC2 activation at the plasmamembrane. Here,mTORC2 activity
might primarily be stimulated by Ras binding to mTOR and/or SIN1. Additional
small GTPases, including Rap1, RhoA and Rac1, probably contribute to
activation of the mTORC2 pool at the plasma membrane. mTORC2 signaling
at the plasmamembrane includes activation of AKT, which is also regulated by
PI3K-PDK1 signaling in human cells and can involve AKT-stimulated
activation of mTORC2 through SIN1 phosphorylation in a positive feedback
loop. (B) Illustration of proposed mechanisms regulating the intracellular
mTORC2 pool. The insulin receptor (InsR) is likely to signal through PI3K to
promote activation of intracellular mTORC2 pools, including at the ribosome
and early endosomes. At the ribosome, active mTORC2 phosphorylates AKT
and other AGC kinases within their turn motif, which contributes to the folding
and stability of these kinases. PI3K-mediated activation of mTORC2 at early
endosomes could occur downstream of Ras and results in binding of the SIN1
PH domain to PI(3,4,5)P3, thereby freeing the active site of mTOR. mTORC2
located at early endosomes signals through AKT, which is also likely to be
regulated by phosphoinositide-dependent kinase-1 (PDK1) at this site. It is
also possible that AKT amplifies the activity of mTORC2 as well as its own
activity through a positive feedback loop involving SIN1 phosphorylation at
early endosomes (not shown). The resulting activation of different cellular
pools of AKT and, probably, also other localized mTORC2 substrates (not
shown), is expected to play a crucial role in mediating a cellular response that is
tailored to each stimulus. PIK3R, PI3K regulatory subunit.
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independent of mTORC2 (Oh and Jacinto, 2011; He et al., 2013;
Smrz et al., 2014; Gkountakos et al., 2018), an individual evaluation
of their localization does not necessarily reflect the localization of
mTORC2. We propose that mTORC2 is probably differentially
regulated by Ras and PI3K, depending on its subcellular
localization, which could also be influenced by the presence of
the different SIN1 isoforms in the complex (Frias et al., 2006; Ebner
et al., 2017). In fact, evidence from both Dictyostelium and
mammalian cells suggest that the plasma membrane localization of
mTORC2 is not regulated by PI3K (Kamimura et al., 2008; Ebner
et al., 2017) (Fig. 4A).
Interestingly, only the plasma membrane pool of mTORC2 was

found to be activated by oncogenic Ras (Kovalski et al., 2019).
Although it remains to be determined whether wild-type Ras
promotes mTORC2 activation at the plasma membrane the same
way as oncogenic Ras, current evidence supports a model in which
direct Ras-mediated activation of mTORC2 occurs at the plasma
membrane and independently of PI3K (Kovalski et al., 2019; Lone
et al., 2019) (Fig. 4A). In this model, PI3K still plays a role in the
full activation of AKT at the plasma membrane of human cells by
directing PDK1-mediated phosphorylation of the AKT activation
loop; moreover, AKT-mediated phosphorylation of SIN1 may also
contribute to full AKT activation through positive feedback. We
further propose that another small GTPase, i.e. Rap1, RhoA or
Rac1, also contributes to the activation of the mTORC2 pool at the
plasma membrane; however, this is likely to be dictated by context-
dependent conditions that have yet to be determined. In contrast,
evidence points to PI3K primarily promoting the activation of the
mTORC2 endosomal pool, as well as mTORC2 at the ribosome
(Gan et al., 2011; Zinzalla et al., 2011; Ebner et al., 2017). The
insulin-induced PI3K-mediated activation of mTORC2 at early
endosomes in human cells might involve Ras, but in a pathway in
which Ras acts upstream of PI3K (Gan et al., 2011) (Fig. 4B).

Conclusions and perspectives
Currently, all the evidence points to separate roles of Ras and PI3K
regarding the direct activation of mTORC2: Ras binds and
activates mTORC2 at the plasma membrane, and PI3K – through
PI(3,4,5)P3 – activates the intracellular pools of mTORC2. It is
important to consider, though, that most of the existing data on
mTORC2 activity regulation in mammalian cells come from studies
that used insulin as stimulus and phosphorylation of the AKT
hydrophobic motif as readout. However, compelling evidence
indicate that the regulation and signaling specificity of mTORC2
varies with the nature of the extracellular stimulus. For example,
mTORC2 was found to be activated by PKC downstream of both
syndecan-4 and the angiotensin II receptor type 1 (AGTR1), but
resulting in completely different responses (Partovian et al., 2008;
Gleason et al., 2019). Syndecan-4, which can act as a growth factor
receptor or co-receptor, promotes mTORC2 activity towards AKT at
the plasma membrane in response to fibroblast growth factor 2
(FGF2), insulin growth factor 1 (IGF1) and vascular endothelial
growth factor (VEGF) through PKC (Partovian et al., 2008). In
contrast, the angiotensin II (AngII)-mediated stimulation of AGTR1
mediates mTORC2 activation in a PKC-dependent manner at a
perinuclear region but not the plasma membrane, where mTORC2
selectively phosphorylates and activates serum/glucocorticoid
regulated kinase 1 (SGK1) but not AKT (Gleason et al., 2019).
Together with the findings that mTORC2 exists as different cellular
pools, these findings illustrate the diversity of the mechanisms of
mTORC2 regulation that are dictated by the stimulus as well as the
cellular conditions. Whether Ras-mediated activation of mTORC2

at the plasma membrane and that induced by PI3K at endosomes are
universal mechanisms used to control these distinct cellular
mTORC2 pools, or whether these mechanisms are at play only
under defined circumstances and sometimes cooperate to regulate
the same mTORC2 pool remains to be explored. Given the
increasing evidence implicating mTORC2 in cancer (Zhou and
Huang, 2010; Zou et al., 2016; Kim et al., 2017; Gkountakos et al.,
2018; Butt et al., 2019) and that it can be activated by the most
commonly mutated oncogene Ras, a better understanding of the
mechanisms that regulate mTORC2 and how it is linked to other Ras
pathways will help in guiding the choice of increasingly
personalized therapeutic anti-cancer strategies.
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Kölsch, V., Charest, P. G. and Firtel, R. A. (2008). The regulation of cell motility and
chemotaxis by phospholipid signaling. J. Cell Sci. 121, 551-559. doi:10.1242/jcs.
023333

Kovalski, J. R., Bhaduri, A., Zehnder, A. M., Neela, P. H., Che, Y., Wozniak, G. G.
and Khavari, P. A. (2019). The functional proximal proteome of oncogenic ras
includes mTORC2. Mol. Cell 73, 830-844.e12. doi:10.1016/j.molcel.2018.12.001

Kunz, J., Schneider, U., Howald, I., Schmidt, A. and Hall, M. N. (2000). HEAT
repeats mediate plasma membrane localization of Tor2p in yeast. J. Biol. Chem.
275, 37011037020. doi:10.1074/jbc.M007296200

Lee, S., Parent, C. A., Insall, R. and Firtel, R. A. (1999). A novel Ras-interacting
protein required for chemotaxis and cyclic adenosinemonophosphate signal relay
in Dictyostelium. Mol. Biol. Cell 10, 2829-2845. doi:10.1091/mbc.10.9.2829

Lee, S., Comer, F. I., Sasaki, A., McLeod, I. X., Duong, Y., Okumura, K., Yates,
J. R., III, Parent, C. A. and Firtel, R. A. (2005). TOR complex 2 integrates cell
movement during chemotaxis and signal relay in Dictyostelium.Mol. Biol. Cell 16,
4572-4583. doi:10.1091/mbc.e05-04-0342

Lim, C. J., Spiegelman, G. B. and Weeks, G. (2001). RasC is required for optimal
activation of adenylyl cyclase and Akt/PKB during aggregation. EMBO J. 20,
4490-4499. doi:10.1093/emboj/20.16.4490

Liu, L. and Parent, C. A. (2011). TOR kinase complexes and cell migration. J. Cell
Biol. 194, 815-824. doi:10.1083/jcb.201102090

8

REVIEW Journal of Cell Science (2020) 133, jcs234930. doi:10.1242/jcs.234930

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

142

https://doi.org/10.1042/BJ20061432
https://doi.org/10.1042/BJ20061432
https://doi.org/10.1042/BJ20061432
https://doi.org/10.1016/j.devcel.2010.03.017
https://doi.org/10.1016/j.devcel.2010.03.017
https://doi.org/10.1016/j.devcel.2010.03.017
https://doi.org/10.1016/j.devcel.2010.03.017
https://doi.org/10.18632/oncotarget.3044
https://doi.org/10.18632/oncotarget.3044
https://doi.org/10.18632/oncotarget.3044
https://doi.org/10.1002/mc.22177
https://doi.org/10.1002/mc.22177
https://doi.org/10.1002/mc.22177
https://doi.org/10.1038/s41422-018-0029-3
https://doi.org/10.1038/s41422-018-0029-3
https://doi.org/10.1038/s41422-018-0029-3
https://doi.org/10.1091/mbc.e05-08-0781
https://doi.org/10.1091/mbc.e05-08-0781
https://doi.org/10.1091/mbc.e05-08-0781
https://doi.org/10.1016/j.cub.2005.01.007
https://doi.org/10.1016/j.cub.2005.01.007
https://doi.org/10.1016/j.cub.2005.01.007
https://doi.org/10.1083/jcb.201610060
https://doi.org/10.1083/jcb.201610060
https://doi.org/10.1083/jcb.201610060
https://doi.org/10.1016/j.niox.2015.03.004
https://doi.org/10.1016/j.niox.2015.03.004
https://doi.org/10.1016/j.niox.2015.03.004
https://doi.org/10.1016/j.niox.2015.03.004
https://doi.org/10.1016/j.niox.2015.03.004
https://doi.org/10.1186/s13628-017-0037-6
https://doi.org/10.1186/s13628-017-0037-6
https://doi.org/10.1186/s13628-017-0037-6
https://doi.org/10.1038/emboj.2008.120
https://doi.org/10.1038/emboj.2008.120
https://doi.org/10.1038/emboj.2008.120
https://doi.org/10.1038/emboj.2008.120
https://doi.org/10.1371/journal.pone.0135245
https://doi.org/10.1371/journal.pone.0135245
https://doi.org/10.1371/journal.pone.0135245
https://doi.org/10.1016/j.tem.2013.02.003
https://doi.org/10.1016/j.tem.2013.02.003
https://doi.org/10.1016/j.cub.2006.08.001
https://doi.org/10.1016/j.cub.2006.08.001
https://doi.org/10.1016/j.cub.2006.08.001
https://doi.org/10.1016/j.cub.2006.08.001
https://doi.org/10.1016/j.cell.2017.07.029
https://doi.org/10.1016/j.cell.2017.07.029
https://doi.org/10.1016/j.cell.2017.07.029
https://doi.org/10.1083/jcb.153.4.795
https://doi.org/10.1083/jcb.153.4.795
https://doi.org/10.1083/jcb.153.4.795
https://doi.org/10.1083/jcb.153.4.795
https://doi.org/10.1016/S0092-8674(02)00755-9
https://doi.org/10.1016/S0092-8674(02)00755-9
https://doi.org/10.1016/S0092-8674(02)00755-9
https://doi.org/10.1074/jbc.M110.195016
https://doi.org/10.1074/jbc.M110.195016
https://doi.org/10.1074/jbc.M110.195016
https://doi.org/10.1093/carcin/bgy086
https://doi.org/10.1093/carcin/bgy086
https://doi.org/10.1093/carcin/bgy086
https://doi.org/10.1093/carcin/bgy086
https://doi.org/10.1242/jcs.224931
https://doi.org/10.1242/jcs.224931
https://doi.org/10.1242/jcs.224931
https://doi.org/10.1242/jcs.224931
https://doi.org/10.1529/biophysj.108.130179
https://doi.org/10.1529/biophysj.108.130179
https://doi.org/10.1529/biophysj.108.130179
https://doi.org/10.1158/0008-5472.CAN-10-4058
https://doi.org/10.1158/0008-5472.CAN-10-4058
https://doi.org/10.1158/0008-5472.CAN-10-4058
https://doi.org/10.1158/0008-5472.CAN-10-4058
https://doi.org/10.1158/0008-5472.CAN-10-4058
https://doi.org/10.1091/mbc.e13-07-0405
https://doi.org/10.1091/mbc.e13-07-0405
https://doi.org/10.1091/mbc.e13-07-0405
https://doi.org/10.1091/mbc.e13-07-0405
https://doi.org/10.1073/pnas.91.23.11089
https://doi.org/10.1073/pnas.91.23.11089
https://doi.org/10.1073/pnas.91.23.11089
https://doi.org/10.1016/j.imlet.2018.01.015
https://doi.org/10.1016/j.imlet.2018.01.015
https://doi.org/10.1016/j.imlet.2018.01.015
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1038/emboj.2008.119
https://doi.org/10.1038/emboj.2008.119
https://doi.org/10.1038/emboj.2008.119
https://doi.org/10.1038/ncb1183
https://doi.org/10.1038/ncb1183
https://doi.org/10.1038/ncb1183
https://doi.org/10.1016/j.cell.2006.08.033
https://doi.org/10.1016/j.cell.2006.08.033
https://doi.org/10.1016/j.cell.2006.08.033
https://doi.org/10.1016/j.cell.2006.08.033
https://doi.org/10.1387/ijdb.190245ak
https://doi.org/10.1387/ijdb.190245ak
https://doi.org/10.1387/ijdb.190245ak
https://doi.org/10.1387/ijdb.190245ak
https://doi.org/10.1016/j.devcel.2005.02.010
https://doi.org/10.1016/j.devcel.2005.02.010
https://doi.org/10.1016/j.devcel.2005.02.010
https://doi.org/10.1242/jcs.093773
https://doi.org/10.1242/jcs.093773
https://doi.org/10.1016/j.jbior.2019.03.003
https://doi.org/10.1016/j.jbior.2019.03.003
https://doi.org/10.1016/j.jbior.2019.03.003
https://doi.org/10.1016/j.jbior.2019.03.003
https://doi.org/10.1074/jbc.M109.089235
https://doi.org/10.1074/jbc.M109.089235
https://doi.org/10.1074/jbc.M109.089235
https://doi.org/10.1074/jbc.M109.089235
https://doi.org/10.1016/j.cub.2008.06.068
https://doi.org/10.1016/j.cub.2008.06.068
https://doi.org/10.1016/j.cub.2008.06.068
https://doi.org/10.1016/j.cub.2008.06.068
https://doi.org/10.1038/s41467-017-01862-0
https://doi.org/10.1038/s41467-017-01862-0
https://doi.org/10.1038/s41467-017-01862-0
https://doi.org/10.1038/s41467-017-01862-0
https://doi.org/10.1016/j.bbamcr.2019.118570
https://doi.org/10.1016/j.bbamcr.2019.118570
https://doi.org/10.1016/j.bbamcr.2019.118570
https://doi.org/10.1038/srep25823
https://doi.org/10.1038/srep25823
https://doi.org/10.1038/srep25823
https://doi.org/10.1038/srep25823
https://doi.org/10.1038/onc.2016.363
https://doi.org/10.1038/onc.2016.363
https://doi.org/10.1016/j.tem.2019.09.005
https://doi.org/10.1016/j.tem.2019.09.005
https://doi.org/10.1016/j.tem.2019.09.005
https://doi.org/10.1016/S0960-9822(00)00177-9
https://doi.org/10.1016/S0960-9822(00)00177-9
https://doi.org/10.1016/S0960-9822(00)00177-9
https://doi.org/10.1242/jcs.023333
https://doi.org/10.1242/jcs.023333
https://doi.org/10.1242/jcs.023333
https://doi.org/10.1016/j.molcel.2018.12.001
https://doi.org/10.1016/j.molcel.2018.12.001
https://doi.org/10.1016/j.molcel.2018.12.001
https://doi.org/10.1074/jbc.M007296200
https://doi.org/10.1074/jbc.M007296200
https://doi.org/10.1074/jbc.M007296200
https://doi.org/10.1091/mbc.10.9.2829
https://doi.org/10.1091/mbc.10.9.2829
https://doi.org/10.1091/mbc.10.9.2829
https://doi.org/10.1091/mbc.e05-04-0342
https://doi.org/10.1091/mbc.e05-04-0342
https://doi.org/10.1091/mbc.e05-04-0342
https://doi.org/10.1091/mbc.e05-04-0342
https://doi.org/10.1093/emboj/20.16.4490
https://doi.org/10.1093/emboj/20.16.4490
https://doi.org/10.1093/emboj/20.16.4490
https://doi.org/10.1083/jcb.201102090
https://doi.org/10.1083/jcb.201102090


Liu, G. Y. and Sabatini, D. M. (2020). mTOR at the nexus of nutrition, growth, ageing
and disease.Nat. Rev. Mol. Cell Biol. 21, 183-203. doi:10.1038/s41580-019-0199-y

Liu, L., Das, S., Losert, W. and Parent, C. A. (2010). mTORC2 Regulates
neutrophil chemotaxis in a cAMP- and RhoA-dependent fashion. Dev. Cell 19,
845-857. doi:10.1016/j.devcel.2010.11.004

Liu, P., Gan, W., Inuzuka, H., Lazorchak, A. S., Gao, D., Arojo, O., Liu, D., Wan,
L., Zhai, B., Yu, Y. et al. (2013). Sin1 phosphorylation impairs mTORC2 complex
integrity and inhibits downstream Akt signaling to suppress tumorigenesis. Nat.
Cell Biol. 15, 1340. doi:10.1038/ncb2860

Liu,P.,Gan,W.,Chin,Y.R.,Ogura,K.,Guo,J.,Zhang,J.,Wang,B.,Blenis,J.,Cantley,
L. C., Toker, A. et al. (2015). PtdIns(3,4,5)P3-dependent activation of the mTORC2
kinase complex. Cancer Discov. 5, 1194-1209. doi:10.1158/2159-8290.CD-15-0460

Lone, M.-U.-D., Miyan, J., Asif, M., Malik, S. A., Dubey, P., Singh, V., Singh, K.,
Mitra, K., Pandey, D., Haq, W. et al. (2019). Direct physical interaction of active
Ras with mSIN1 regulates mTORC2 signaling. BMC Cancer 19, 1236. doi:10.
1186/s12885-019-6422-6

Long, X., Lin, Y., Ortiz-Vega, S., Yonezawa, K. andAvruch, J. (2005). Rheb binds and
regulates the mTOR kinase. Curr. Biol. 15, 702-713. doi:10.1016/j.cub.2005.02.053

Mahadeo, D. C. and Parent, C. A. (2006). Signal relay during the life cycle of
dictyostelium.Curr. Top. Dev. Biol., 115-140. doi:10.1016/S0070-2153(05)73004-0

Malumbres, M. and Barbacid, M. (2003). RAS oncogenes: the first 30 years. Nat.
Rev. Cancer 3, 459-465. doi:10.1038/nrc1097

Martinez Marshall, M. N., Emmerstorfer-Augustin, A., Leskoske, K. L., Zhang,
L. H., Li, B. and Thorner, J. (2019). Analysis of the roles of phosphatidylinositol-
4,5- bis phosphate and individual subunits in assembly, localization, and function
of Saccharomyces cerevisiae target of rapamycin complex 2. Mol. Biol. Cell 30,
1555-1574. doi:10.1091/mbc.E18-10-0682

McCormick, F. (2019). Progress in targeting RAS with small molecule drugs.
Biochem. J. 476, 365-374. doi:10.1042/BCJ20170441

Menon, D., Salloum, D., Bernfeld, E., Gorodetsky, E., Akselrod, A., Frias, M. A.,
Sudderth, J., Chen, P.-H., DeBerardinis, R. and Foster, D. A. (2017). Lipid
sensing by mTOR complexes via de novo synthesis of phosphatidic acid. J. Biol.
Chem. 292, 6303-6311. doi:10.1074/jbc.M116.772988

Mukaida, S., Evans, B. A., Bengtsson, T., Hutchinson, D. S. and Sato, M. (2017).
Adrenoceptors promote glucose uptake into adipocytes and muscle by an insulin-
independent signaling pathway involving mechanistic target of rapamycin
complex 2. Pharmacol. Res. 116, 87-92. doi:10.1016/j.phrs.2016.12.022

Mun ̃oz-Maldonado, C., Zimmer, Y. and Medová, M. (2019). A comparative
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i. Abstract

Ras and Rap small GTPases of the Ras superfamily act as molecular switches to control diverse 

cellular processes as part of different signaling pathways. Dictyostelium expresses several Ras and Rap 

proteins, and their study has and continues to greatly contribute to our understanding of their role in 

eukaryote biology. To study the activity of Ras and Rap proteins in Dictyostelium, several assays based on 

their interaction with the Ras binding domain of known eukaryotic Ras/Rap effectors have been developed 

and proved extremely useful to study their regulation and cellular roles. Here, we describe methods to assess 

Ras/Rap activity biochemically using a pull-down assay and through live-cell imaging using fluorescent 

reporters. 

ii. Keywords

Dictyostelium discoideum, Ras, Rap1, activity assays, Ras binding domain, pull-down, imaging. 
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1. Introduction

Ras and Ras related protein (Rap) GTPases play key roles in numerous biological processes that 

are studied in Dictyostelium, including cell proliferation, chemotaxis, cell adhesion, and phagocytosis [1]. 

In Dictyostelium, there are 11 Ras and 3 Rap proteins, but only 7 of them have been studied thus far: RasB, 

RasC, RasD, RasG, RasS, RapA (Rap1), and, more recently, RapC [1–4]. RasB, RasC, RasD, and RasG 

are most closely related to each other and to human Ras proteins while RasS is more divergent; and Rap1 

was found to be the homologue of human Rap1 while RapC is more divergent. 

Ras/Rap GTPases act as molecular switches, cycling between an inactive GDP-bound form and an 

active GTP-bound form. To study the activity of Ras/Rap in cells, methods using the Ras Binding Domain 

(RBD) of known Ras/Rap effectors have been developed, which allow detecting GTP-bound Ras/Rap 

proteins both biochemically by pull-down (Fig. 1A) and in live cells with fluorescent reporters and imaging 

approaches (Fig. 1B), and these have been successfully adapted for use in Dictyostelium [5,6]. Commonly, 

the RBD of the human Rap1 effector RalGDS is used to assay Dictyostelium Rap1 activity [6]; the RBD of 

human Ras effector Raf1 is used to assay RasB, RasD, and RasG activity;  and the RBD of the yeast Ras 

effector Byr2 is used to assay RasC activity [5,7]. Of note, RasC has a slightly different effector domain 

sequence and, because of that, it does not interact effectively with Raf1-RBD [5]. On the other hand, Byr2-

RBD interacts with RasC as well as the other Ras proteins and Rap1, but because its production in bacteria 

produces much lower yields than Raf1-RBD and RalGDS-RBD, those are still preferentially used with the 

other Ras/Rap proteins. Moreover, while Byr2-RBD is a great tool in Ras/Rap activity pull-down assays, 

especially for RasC, it does not work well as a fluorescent reporter in live cells due to its too high affinity 

to the GTP-bound Ras/Rap proteins, which leads to Ras/Rap function inhibition. Here, we describe the 

biochemical and imaging methods to spatiotemporally detect and quantify Ras/Rap activity in 

Dictyostelium (Fig. 1). 
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2. Materials

Prepare all solutions with ultrapure deionized water (dH2O) and sterilize the ones that are used with cells. 

2.1 Ras/Rap activity pull-down assay 

2.1.1 GST-RBD expression and purification 

1. BL21 DE3 competent bacteria.

2. GST-Byr2(RBD), GST-Raf1(RBD), and/or GST-RalGDS(RBD) bacterial expression

plasmids, depending on the Ras/Rap proteins to be assayed (see Note 1).

3. LB media and LB agar plates with appropriate selection antibiotic.

4. Incubator shaker capable of maintaining temperatures of 16 and 37 °C.

5. GSH agarose beads and Sephadex G-10 beads.

6. 6X Protein sample buffer: 0.375 mM Tris-HCl pH 6.8, 30% glycerol, 6% SDS, 600 mM DTT,

6% bromophenol blue, in dH2O. Aliquot and freeze at -20°C.

7. 1M IPTG: dissolve in dH2O, aliquot and store at -20°C.

1. Phosphate buffered saline (PBS): 116 mM NaCl, 13.2 mM Na2HPO4, 1.47 mM KH2PO4, in

dH2O. Adjust pH to 7.4 with HCl. Store at 4°C. Before use, supplement PBS with a bacteria-

specific protease inhibitor cocktail.

2. 50% glycerol/PBS: mix 1 part glycerol with 1 part PBS. Store at 4°C.

2.1.2 Pull-down of active Ras/Rap 

1. Tabletop centrifuge and microcentrifuge.

2. Gyratory shaker for flasks.

3. Rotator or gyratory rocker for sample tubes.

4. 100 mg/ml BSA: dissolve in dH2O, aliquot and store at -20 °C.
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5. 2X Ras/Rap lysis buffer: 100 mM Tris pH 7.5, 300 mM NaCl, 50 mM MgCl2, 20% glycerol,

1% NP-40 or IGEPAL CA-630, in dH2O. Store at  4 °C. Before the assay, prepare a working

solution by adding 2 mM DTT, 2 mM Orthovanadate, 4 μg/ml aprotinin, and 4 μg/ml leupeptin

(see Note 2).

6. 12 mM Na/K phosphate buffer: 2.5 mM Na2HPO4, 9.5 mM KH2PO4, pH 6.1. To prepare a 1 l

10X solution, dissolve 3.4 g Na2HPO4 and 13 g KH2PO4 in dH2O. Autoclave to sterilize and

store at 22°C (see Note 3).

7. 30 mM cAMP stock: dissolve cAMP-Na salt monohydrate in 12 mM Na/K phosphate buffer.

Aliquot and store at -20 °C.

8. 10 µM cAMP: dilute from 30 mM cAMP stock with Na/K phosphate buffer.

2.1.3 Analysis of Ras/Rap activity by Western Blot 

1. Tris Buffered Saline (TBS): 50 mM Tris base, 150 mM NaCl, 2.7 mM KCl, in dH2O. Adjust

pH to 7.4 with HCL. Store at 4 °C.

2. TBS-Tween (TBST): Dilute Tween-20 to 0.1% in TBS.

3. Appropriate antibody: Pan-Ras, Dictyostelium Ras- or Rap-specific, or anti-epitope antibodies

depending on goal of assay (see Note 4).

4. Software to perform densitometry analyses (e.g. ImageJ).

2.2 In vivo Ras/Rap activity imaging assay 

2.2.1 Preparation of cells 

1. Dictyostelium expression plasmids for Raf1(RBD)-GFP (for detecting active RasB, RasD, and

RasG) or RalGDS(RBD)-GFP (for detecting active Rap1) (see Note 5).

2. Coverslip-bottom dishes: Can be purchased or made from regular dishes. To make them, use
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a hole puncher to make holes of ~1 cm in diameter in the bottom and lid of 35 mm dishes. The 

bottoms can be used for imaging resting cells or for random cell motility and uniform 

stimulation assays, and the lids (making shallower “dishes”) are used for imaging cells in the 

micropipette chemotaxis assay because they allow more room to properly position the 

micropipette. Use vacuum grease or epoxy to secure 22 x 22 mm glass coverslips #1.5 over the 

holes, from the outside (see Note 6). 

2.2.2 Live cell imaging 

1. 150 µM cAMP: dilute from 30 mM cAMP stock in 12 mM Na/K phosphate buffer.

1. Spinning disk confocal imaging system equipped with a 488 laser, DIC capability, CCD

camera, and 20X, 40X, and, nice but not necessary, 63X objectives.

2. Eppendorf TransferMan micromanipulator.

3. Eppendorf MicroloaderTM tips and Femtotip micropipettes.

2.2.3 Image analysis 

1. Confocal images analysis software (e.g. ImageJ/FIJI).

3. Methods

Ras/Rap activity can be measured in Dictyostelium cells at any stage of their life cycle and in many different 

conditions. We describe a protocol for assaying Ras/Rap activities in response to cAMP in 5.5 hrs. 

developed, aggregation-competent cells that are highly responsive to cAMP, but the method can be easily 

applied to other cellular contexts and conditions. Cells should be prepared using standard Dictyostelium 

cell culture and development methods [8]. 

3.1 Ras/Rap activity pull-down assay 
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3.1.1 GST-RBD expression and purification 

3. Transform the desired GST-RBD-encoding plasmid into competent bacteria using standard

procedures.

4. Pick a colony and grow in 10 ml LB overnight at 37°C with shaking at 300 rpm in an incubator

shaker.

5. Transfer the overnight culture to 1 L of LB in a 2.5 L flask (see Note 7).

6. Grow bacteria at 37°C with shaking at 300 rpm in an incubator shaker until the culture reaches

an O.D. of 0.6-0.8.

7. Induce protein expression by adding 1 mM IPTG and incubate at 16 °C with shaking at 300

rpm in an incubator shaker for 16 hrs.

8. Collect the bacteria and pellet by centrifugation at 5,000 x g for 20 min at 4 °C (see Note 8).

9. Resuspend cells in 20 ml cold PBS containing protease inhibitors.

10. Sonicate on ice, at 50% amplitude and duty cycle 5, 10 X 1 min with 2 min cooldown between

each sonication.

11. Add NP-40 (or IGEPAL CA-630) to 1% final concentration, mixing for ~10 min on ice until

complete dissolution.

12. Transfer the lysates to appropriate centrifuge tubes and clarify by centrifugation at 20,000 x g

for 30 min at 4 °C.

13. Transfer the clarified lysates to a new tube with 1 ml of GSH Sepharose beads and incubate for

at least 1 hr. at 4°C with agitation on rotator or gyratory rocker.

14. Pellet the beads by centrifugation at 1,000 x g for 1 min and wash 5 times with cold PBS.

15. Pellet the beads, remove PBS and add 250 µl of 50% glycerol/PBS.

16. Take a 20 µl aliquot, mix with 4 µl 6X protein sample buffer, and quantify approximately by

SDS-PAGE and Coomassie staining against 1, 2, 5, and 10 µg BSA standards using standard
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procedures. 

17. Dilute the GST-RBD beads to 0.5 µg/µl with 50:50 hydrated Sephadex G-10 beads in 50%

glycerol/PBS. Store at -20 °C.

3.1.2 Pull-down of active Ras/Rap 

To measure the total Ras activity or the activity of overexpressed Ras/Rap proteins, we suggest using 

108 cells, and to measure the activity of a single Ras/Rap protein expressed at endogenous or low levels, 

we suggest using 5x108 cells.  

1. Collect 5.5 hrs. developed cells by centrifugation at 500 x g for 5 min at 4 °C.

2. Wash the cells twice with cold 12 mM Na/K phosphate buffer.

3. Resuspend the cells in 5 ml of 12 mM Na/K phosphate buffer and incubate for 30 min at 22°C

with shaking at ~140 rpm on a gyratory shaker (see Note 9).

4. Transfer one 450 µl aliquot of cells to the 0 time point tube containing 500 µl 2X lysis buffer

+ 50 µl 12 mM Na/K phosphate buffer and keep on ice.

5. Stimulate the remaining cells with 500 µl of 10 µM cAMP (1 µM final) and collect 500 µl

aliquots at 5, 10, 20, 40, and 60 sec, mixing the cells and changing the pipette tip between each

sample, stopping the stimulation by transferring the aliquots to the corresponding pre-prepared

tubes containing 500 µl 2X lysis buffer on ice (see Note 10).

6. Vortex the samples thoroughly and incubate on ice for 10 min, vortexing every 2 min.

7. Clarify the lysates by centrifugation at 20,000 x g for 10 min at 4 °C.

8. Transfer the supernatants to new tubes on ice and vortex thoroughly.

9. Collect 20 µl samples of the total cell lysates and mix with 20 µl 2X protein sample buffer

(diluted from 6X protein sample buffer with dH2O) for total Ras western blot. Store at -20°C.

10. Add 20 µl of 100 mg/ml BSA (2 mg/ml final) and 20 µl of 0.5 µg/µl  GST-RBD beads (10 µg

final) to each lysates sample and incubate for 30 min-2 hrs. at 4 °C with agitation on rotator or
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gyratory rocker (see Note 11). 

11. Pellet the beads at 1,000 x g for 1 min and wash 3 times with 1X lysis buffer (diluted from 2X

lysis buffer with dH2O).

12. Carefully remove all lysis buffer and elute the Ras/Rap proteins from the beads by adding 30 µl

of 2X protein sample buffer containing 100 mM DTT. Mix well and incubate at 65 °C for 15

min.

13. Vortex thoroughly and centrifuge at 1,000 x g 1 min to bring down condensation, then vortex

and pellet beads again.

14. Carefully transfer the supernatants containing eluted Ras/Rap proteins to new tubes, without

transferring any beads. Use immediately for western blot analysis or store at -20 °C until

needed.

3.1.3 Analysis of Ras/Rap activity by Western Blot 

1. Denature all proteins by incubating the samples at 95 °C for 10 min.

2. Centrifuge the heated samples to bring down condensation, and vortex to ensure sample

homogeneity  before loading and separating the proteins on 12% SDS-PAGE gels (see Note

12).

3. Transfer the proteins to a nitrocellulose membrane, perform the western blot according to the

appropriate antibody’s manufacturer protocol, and reveal by chemiluminescence or

fluorescence using standard procedures (see Note 13).

4. Save the western blot images as grayscale JPEG files and open in an appropriate software for

densitometric analyses (e.g. ImageJ).

5. If using ImageJ, set the measurement criteria to “Grey Mean Value” only and use the rectangle

tool to draw a frame around the largest band to be measured, then drag the frame to other bands

and adjust the thickness accordingly to make sure that it can be used for all bands.

153



6. Using the same frame for all the Ras/Rap protein bands on the western blot, measure the mean

grey value (by clicking “Measure” under “Analyze” menu) for each band, one at a time. The

first measurement will open a measurement window where all of them will be displayed in

order taken.

7. Using the same frame, also take background measurements. If the background is very uniform,

only one measurement can be taken, but if there are differences in background over the western

blot, take one background measurement next to each band.

8. Transfer the measurements to an Excel spreadsheet for analyses.

9. First, invert the pixel density for all data recorded by ImageJ (x) by subtracting them from 255

(255 - x), then subtract the inverted background from all inverted band value.

10. Divide each GTP-Ras/Rap value by their corresponding total Ras/Rap loading control.

11. To facilitate comparison between separate experiments, because it is extremely challenging to

have equivalent exposures of the GTP-Ras/Rap and total Ras/Rap western blots between

experiments, we suggest expressing the data as % of the strongest response in the control

condition (wild-type cells, no drug treatment, etc.).

3.2 In vivo Ras/Rap activity imaging assay 

3.2.1 Preparation of cells and microscope 

1. Generate Dictyostelium cells transformed with the appropriate RBD-GFP expressing plasmid

and develop the cells for 5.5 hrs. using standard procedures.

2. Transfer the cells to coverslip-bottom dishes containing 2 ml 12 mM Na/K phosphate buffer,

at ~1 x 106 cells for random motility and uniform stimulation assays in a custom-made dish

bottom with coverslip; and at ~2.5 x 105 cells for a chemotaxis pipette assay in a custom-made

dish lid with coverslip. Spread the cells evenly and let them settle and disaggregate for ~30 min

(see Note 14).
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3. Place a cell-containing coverslip-bottom dish on the stage of a spinning disk confocal imaging

system and focus on cells that are on the coverslip using a 20X objective.

4. Find an area with multiple cells but that do not touch each other and that express the RBD-GFP

reporter at low levels, which will allow for better contrast between the signal at the plasma

membrane versus the cytosol when the reporter is recruited to active Ras/Rap at the plasma

membrane.

5. Set up the fluorescence imaging parameters, keeping the laser power as low as possible to

obtain a clear image with a ~100 ms exposure, which will limit phototoxicity.

3.2.2 Imaging RBD-GFP in resting, randomly moving, or uniformly stimulated cells 

1. For imaging resting and randomly moving cells, set up a time-lapse for capturing DIC

(sometimes useful to see whole cells especially when the reporter expression is low) and

fluorescence images at 6 sec intervals for 30 min.

2. For imaging RBD-GFP in uniformly stimulated cells, set up a time-lapse for capturing

fluorescence images at 1 sec intervals for 60 sec (or longer if desired). Start the acquisition and

stimulate the cells on the third capture by adding 100 µl of 150 µM cAMP dropwise directly

over the imaged cells (see Note 15).

3. To use as controls for photobleaching and background fluorescence in later analyses of the

uniform stimulation experiment, also image unstimulated cells and cells not expressing any

fluorescent reporter using the same time-lapse parameters.

3.2.3 Imaging RBD-GFP in chemotaxing cells using a micropipette assay 

1. Keeping the protective tip of a micropipette on, use a microloader tip to load a micropipette

with 20 µl of 150 µM cAMP (See Note 16).

2. Set the micropipette holder of the micromanipulator to ~35°, carefully remove the

micropipette’s protective tip and secure the micropipette on the holder according to the
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manufacturer’s instructions.  

3. Use a thin coverslip-bottom dish with cells (the ones made with the lids) and focus on the cells

using a 20X objective in brightfield imaging or by looking through the eye piece directly.

4. Using the micromanipulator’s control panel and joystick, position the tip of the micropipette in

the middle of the objective and start to slowly lower in the buffer. Focus up to find the tip of

the micropipette in the field of view and gradually, very carefully, lower to ~10 µm above the

cells (see Note 17).

5. Bring the micropipette a bit higher and then hit “home” on the micromanipulator’s controller

to take it out of the buffer. Change to the 40X objective (or 63X for higher resolution images)

and find a good area to image, with several separated cells and where the micropipette can be

positioned away from the cells so that they will not reach the tip before the end of the recording

(see Note 18).

6. Hit “home” to bring the micropipette back into position and finely bring down to ~10 µm above

the cells and place slightly away from cells, ideally at the edge of the field of view.

7. Set up a time-lapse for capturing DIC and fluorescence images at 6 sec intervals for 10 min.

To image the response upon introduction of the micropipette and gradient establishment, start

the time-lapse before bringing the micropipette back.

8. Export images as RGB TIFF files or the entire recording as series movies for publication and/or

presentations, and as 16-bit TIFF files (multi-page TIFF) for subsequent quantitative analyses.

3.2.4 Quantitative analysis of uniform cAMP stimulations 

1. Open the 16-bit TIFF files in an appropriate image analysis software such as ImageJ/FIJI.

2. For each condition and cell to be measured, select a cytosolic region omitting organelles with

higher or lower fluorescence intensities, making sure the region is good for the entire time-

lapse. The average value of all pixels within the selected cytosol region then serves as a measure 

of cytosolic fluorescence intensity at time t, Ic(t) (see Note 19).
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3. Use the measurements on cells not expressing any fluorescent reporter to determine the

background fluorescence intensity at each time point, Ib(t).

4. Average the fluorescence intensity measured in the first frames before cAMP was added to

obtain the basal cytosolic fluorescence intensity, Ic0 and Ib0.

5. Calculate the normalized fluorescence signals, Ic nor(t) as follows: Ic,nor(t) = [Ic(t) − Ib(t)]/(Ic0 −

Ib0) (see Note 20).

6. To measure the photobleaching effect, first measure the fluorescence intensity of unstimulated

RBD-GFP-expressing cells at each time point, Ia(t), and normalize the time series by

calculating Ia,nor(t) = [Ia(t) − Ib(t)]/(Ia0 − Ib0).

7. Correct each fluorescence measurement of the RBD-GFP reporter for the photobleaching effect 

and determine the final cytosolic signal by calculating I(t) = Ic nor(t)/Ia nor(t)

8. Plot the fluorescence intensity in the cytosol as a function of time to generate a graph showing

the changes of cytosolic fluorescence intensity upon cAMP stimulation.

4. Notes

1. The RBD of yeast Byr2 can be used to pull down RasB, RasC, RasD, RasG, and Rap1;  the RBD

of human Raf1 can be used to pull down active RasB, RasD, and RasG (it does not interact with

RasC); and the RBD of human RalGDS can be used to pull-down Rap1. Of note, Raf1-RBD agarose 

and RalGDS-RBD agarose are commercially available, so they can be purchased instead of

prepared as described in this protocol.

2. Excess 2X lysis buffer can be prepared to be diluted with Na/K phosphate buffer afterwards and

used as 1X lysis buffer for washing the beads.

3. An alternative buffer that can be used with Dictyostelium is the Development Buffer (DB; 5 mM

Na2HPO4, 5 mM KH2PO4; 1 mM CaCl2, 2 mM MgCl2, pH 6.5).

4. Commercial Pan-Ras antibodies will detect many Dictyostelium Ras proteins, including RasB,

RasC, RasD, and RasG. Alternatively, custom-made Ras/Rap-specific antibodies can be used to
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detect the activity of specific Ras/Rap proteins. Finally,  if custom-made antibodies are unavailable 

and cells expressing epitope-tagged Ras/Rap proteins are used, epitope-specific antibodies are then 

used. 

5. The Byr2RBD does not work as a reporter of Ras activity in live cells, presumably because its

affinity for the Ras/Rap proteins is too strong and, consequently, inhibits their function. Therefore,

it is important to note that none of the currently available fluorescent reporters of Ras activity report

the activity of RasC. Also note that several versions of the fluorescent reporters exist, with the latest

optimized ones by Arjan Kortholt. [9,10]

6. Vacuum grease should only be used when preparing dishes the same day of a planned experiment,

to avoid it drying leading to buffer leaking out. Epoxy-secured coverslip-bottom dishes can be

prepared in advance and can be used to culture cells before the experiment if needed.

7. For GST-Raf1(RBD) and GST-RalGDS(RBD) 1 L produces sufficient protein for multiple

experiments. However, GST-Byr2(RBD) expression and purification from bacteria generates much

lower yields and we recommend using 5 L of culture for this one.

8. Bacteria can be frozen at -20 °C at this stage and then thawed directly into PBS when needed.

Especially for GST-Byr2(RBD) that produces low protein yields, it is useful to grow larger volumes

of culture, store aliquots of pelleted bacteria at -20 °C and purify as needed.

9. During this incubation, prepare the tubes for the samples to be collected before (for basal activity

level) and after cAMP stimulation: 0, 5, 10, 20, 40, 60 sec. Add 500 µl of 2X lysis buffer in each

tube and place on ice. Add 50 µl of 12 mM Na/K phosphate buffer to the 0 time point tube, which

is the equivalent of the cAMP solution that will be in the other samples. We find it helpful to use a

rack to hold the tubes in place on ice.

10. Collecting the 5 and 10 sec time points can be particularly challenging, especially with shaking

constantly as much as possible. We hold the tube with the cells in one hand, mixing the cells after

addition of cAMP and in between each collection, while using the other hand to collect and transfer
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samples to the tubes on ice. Between each time point, the tip is discarded, and another tip is rapidly 

mounted on the pipette from a racked tip box nearby. We strongly suggest changing tips, because 

for optimal rapid stopping of the stimulation, it is best to deliver the samples in the lysis buffer so 

that some mixing occurs before all the time points are finished being collected, and if the tip is not 

changed, then there would be a risk of transferring some lysis buffer to the cells upon collection of 

the next time point sample. We also strongly suggest practicing doing this procedure to get used to 

it before doing a first experiment. 

11. An incubation time of 30 min with the GST-RBD beads is enough and recommended when

assaying total Ras activity or overexpressed Ras/Rap proteins, to limit binding of inactive Ras.

However, when assaying the activity of single Ras/Rap protein expressed at endogenous or low

levels, we have had better success incubating for longer times.

12. The total Ras/Rap proteins may give a considerably stronger signal, so we advise loading those on

different gels than the active Ras/Rap samples. Endogenous Ras/Rap proteins migrate ~ 21 kDa.

13. For detecting single Ras/Rap1 proteins expressed at endogenous or low levels, we recommend

using a super sensitive ECL reagent (e.g. SuperSignalTM West Femto Maximum Sensitivity

Substrate) to facilitate detection of the pulled-down proteins, especially.

14. We suggest always preparing several dishes to have back-ups in case a dish leaks and to allow

performing replicates in the stimulation assays.

15. To avoid disturbing the cells, which are not very adherent on the glass substrate, we suggest

delivering the cAMP dropwise right above the buffer as quickly as possible. Because the cAMP

cannot be mixed after addition, we found that using a higher cAMP concentration leads to more

consistent results. Also note that the addition of cAMP can be done at later captures (instead of at

the third one), the important thing is to be consistent to facilitate later analyses.

16. To avoid breaking the micropipette, keep the protective tip on during loading and until ready to

mount on the micromanipulator. Also, it is important to make sure that there are no air bubbles in

the micropipette, especially at the very tip as this will prevent cAMP from diffusing out. To get rid
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of air bubbles, one can give a good flick of the wrist while holding the micropipette, or centrifuge 

briefly in an appropriate microcentrifuge (that accommodates the long micropipette with  the 

protective tip). Also of note, we suggest using 150 µM cAMP in the micropipette if simple diffusion 

of the cAMP is used to create the gradient. If the micromanipulator is equipped with a pump 

creating positive pressure to push cAMP out of the micropipette, much lower cAMP concentrations 

can be used. 

17. The micropipette is extremely fragile and will break upon touching the coverslip. It is important

not to break it because then the cAMP that will come out will cause a stimulation of the cells, and

the resulted wider micropipette opening will create a different gradient. Therefore, for

reproducibility, one should not use a broken micropipette.  To avoid breaking it, keep the focus on

the tip while finely lowering it, until the cells start being visible. You can then focus on the cells,

and the micropipette tip should remain slightly out of focus.

18. If cells reach the tip and it is low enough, cells can then hit it, burst, and leave pieces of membranes

in it and, thereby, block it. Consequently, the micropipette will not be usable anymore. If cells reach

the pipette, it is best to stop the recording and bring the micropipette “home”. The micropipette can

then be reused for another recording in another area of the dish and/or for another dish.

19. We find that measuring the fluorescence in the cytosol, instead of measuring the fluorescence at

the plasma membrane using kymographs, provides much more accurate measurements and

reproducible results. The recruitment of the RBD-GFP to active Ras/Rap at the plasma membrane

is then proportionally reflected by the loss of cytosolic fluorescence.

20. Since the basal intensity mostly reflects the expression level of the RBD-GFP, it is best to normalize 

the data and express as fold change over basal to compare between the conditions.
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Figure Caption 

Fig. 1. Ras/Rap activity assays. Examples of data obtained with 5.5 hrs. developed AX3 cells are shown. 

A) The Ras/Rap activity pull-down assay. An outline of the assay is depicted on the left. Cells were

stimulated with cAMP for the indicated time before lysing the cells and purifying the GTP-bound Ras or 

Rap proteins using GST-Raf1(RBD) for Ras and GST-RalGDS(RBD) for Rap1, followed by their analysis 

by western blot using a Pan-Ras antibody or Dictyostelium (Dd) Rap1-specific antibody. The graphs 

illustrate the relative cAMP-induced activation of the Ras and Rap1 proteins as quantified by densitometry, 

normalized to the total Ras and Rap1, and expressed as percentage of the maximal response for each. 

B) The Ras/Rap activity imaging assay. The Raf1(RBD)-GFP and RalGDS(RBD)-GFP were used as

reporters of Ras and Rap1 activity, respectively. Images show localization of the reporters, and, thereby, 

active Ras and Rap1, in resting/randomly moving cells, cells chemotaxing to cAMP in a pipette chemotaxis 

assay, and upon the uniform stimulation of cells with cAMP for the indicated time. The graphs show the 

relative fluorescence of the RBD-GFP reporter in the cytosol in cAMP-stimulated cells, as mean +/- s.e.m 

of more than 20 cells from 3 different experiments, expressed as fold over the basal level. The fluorescence 

intensity in the cytosol is inversely proportional to that at the plasma membrane and, as such, inversely 

reflects Ras and Rap1 activation at the plasma membrane. The data shown here is provided as an example 

and was originally published in Scavello et al. [11]. 
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This is a License Agreement between Stephen F Smith University of Arizona ("User") and Copyright Clearance Center, Inc. ("CCC") on behalf of the Rightsholder identi�ed in the order

details below. The license consists of the order details, the Marketplace Order General Terms and Conditions below, and any Rightsholder Terms and Conditions which are included

below.

All payments must be made in full to CCC in accordance with the Marketplace Order General Terms and Conditions below.

LICENSED CONTENT

REQUEST DETAILS

NEW WORK DETAILS

ADDITIONAL DETAILS

REUSE CONTENT DETAILS

RIGHTSHOLDER TERMS AND CONDITIONS

The acknowledgement should state "Reproduced / adapted with permission" and give the source journal name. The acknowledgement should either provide full citation details or refer to

the relevant citation in the article reference list. The full citation details should include authors, journal, year, volume, issue and page citation. Where appearing online or in other electronic

media, a link should be provided to the original article (e.g. via DOI): Development: dev.biologists.org Disease Models & Mechanisms: dmm.biologists.org Journal of Cell Science:

jcs.biologists.org The Journal of Experimental Biology: jeb.biologists.org

Marketplace Order General Terms and Conditions

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions, govern User’s use of Works pursuant to the Licenses granted by

Copyright Clearance Center, Inc. (“CCC”) on behalf of the applicable Rightsholders of such Works through CCC’s applicable Marketplace transactional licensing services (each, a “Service”).

1) De�nitions. For purposes of these General Terms, the following de�nitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set forth in the Order Con�rmation.

“Order Con�rmation” is the con�rmation CCC provides to the User at the conclusion of each Marketplace transaction. “Order Con�rmation Terms” are additional terms set forth on speci�c

Order Con�rmations not set forth in the General Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-speci�c terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace platform, which are displayed on speci�c Order Con�rmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Con�rmation Terms collectively.

“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the Terms on behalf of a User is a freelancer or other third party who

the User authorized to accept the General Terms on the User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)” are the copyright protected works described in relevant Order Con�rmations.

2) Description of Service. CCC’s Marketplace enables Users to obtain Licenses to use one or more Works in accordance with all relevant Terms. CCC grants Licenses as an agent on behalf of

the copyright rightsholder identi�ed in the relevant Order Con�rmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of any con�ict between General Terms and Order Con�rmation Terms,

the latter shall govern. User acknowledges that Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any grant, and that CCC

has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The License

provides only those rights expressly set forth in the terms and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User chooses to be invoiced, the User shall: (i) remit payments in the manner

identi�ed on speci�c invoices, (ii) unless otherwise speci�cally stated in an Order Con�rmation or separate written agreement, Users shall remit payments upon receipt of the relevant

invoice from CCC, either by delivery or noti�cation of availability of the invoice via the Marketplace platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User

may incur a service charge of 1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in the License immediately upon

receiving the Order Con�rmation, the License is automatically revoked and is null and void, as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Con�rmation, any grant of rights to User (i) involves only the rights set forth in the Terms and does not include

subsequent or additional uses, (ii) is non-exclusive and non-transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of

use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order Con�rmation, User shall either secure a new permission for further use of the

Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the

Work. User may only make alterations to the Work if and as expressly set forth in the Order Con�rmation. No Work may be used in any way that is defamatory, violates the rights of third

parties (including such third parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit, or obscene. In addition, User may

not conjoin a Work with any other material that may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any infringement of any rights

in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such as photographs, illustrations, graphs, inserts and similar materials)

that are identi�ed in such material as having been used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this Service, if

available, or otherwise) for any of such third party materials; without a separate license, User may not use such third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the Service. Unless otherwise provided in the Order Con�rmation, a

proper copyright notice will read substantially as follows: "Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright];

permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably legible font size and must be placed either on a cover page or in another

location that any person, upon gaining access to the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent to the Work as

used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or notices for the new work containing the republished Work are located. Failure to

include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee speci�ed in the

Order Con�rmation, in addition to the use fee itself and any other fees and charges speci�ed.

10) Indemnity. User hereby indemni�es and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against all claims, liability, damages, costs, and

expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights granted herein and in the Order Con�rmation, or any use of a Work which has
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been altered in any unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING

WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF

ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective employees and

directors) shall not exceed the total amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its principals, employees, agents,

a�liates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT.

CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED

WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS,

INSERTS, OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR

THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) E�ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the License set forth in the Order Con�rmation and/or the Terms,

shall be a material breach of such License. Any breach not cured within 10 days of written notice thereof shall result in immediate termination of such License without further notice. Any

unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the Rightsholder's ordinary license price therefor; any

unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example, because materials containing the Work cannot reasonably be recalled) will be

subject to all remedies available at law or in equity, but in no event to a payment of less than three times the Rightsholder's ordinary license price for the most closely analogous licensable

use plus Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Speci�c Products and Services. If a User is making one of the uses described in this Section 14, the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom handouts). For photocopies for academic coursepacks or classroom

handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at their request by on-campus bookstores or copy centers,

or by o�-campus copy shops and other similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by

means of deleting material immediately preceding or following the entire portion of the Work copied) (ii) permit "publishing ventures" where any particular anthology would be

systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Con�rmation arising from data provided by User), any use authorized under the

academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identi�er as assigned by the institution, and thereby including all sections or other subparts of the class) at

one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except in order to produce an identical copy of a Work before or during

the academic term (or analogous period) as to which any particular permission is granted. In the event that User shall choose to retain materials that are the subject of a

photocopy permission in electronic memory for purposes of producing identical copies more than one day after such retention (but still within the scope of any permission

granted), User must notify CCC of such fact in the applicable permission request and such retention shall constitute one copy actually sold for purposes of calculating

permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by User to create a substantively non-identical copy of

the Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall maintain for at least four full calendar years books and

records su�cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such

books and records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that User shall have underpaid for, or

underreported, any photocopies sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.

Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from

the date such amount was originally due. The provisions of this paragraph shall survive the termination of this License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning management systems, academic institution intranets). For uses in

e-coursepacks, posts in electronic reserves, posts in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants authorizations to import requested material in electronic format,

and allows electronic access to this material to members of a designated college or university class, under the direction of an instructor designated by the college or university,

accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still images not embedded in text, which grants not

only the authorizations described in Section 14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials for use consistent with

Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modi�cation of the resolution of such requested material (provided that such modi�cation does not

alter the underlying editorial content or meaning of the requested material, and provided that the resulting modi�ed content is used solely within the scope of, and in a manner

consistent with, the particular authorization described in the Order Con�rmation and the Terms), but not including any other form of manipulation, alteration or editing of the

requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual content, which grants not only the authorizations

described in Section 14(b)(i)(A) above, but also the following authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)(i)(A)

above; (ii) to display and perform the requested material to such members of such class in the physical classroom or remotely by means of streaming media or other video

formats; and (iii) to "clip" or reformat the requested material for purposes of time or content management or ease of delivery, provided that such “clipping” or reformatting does

not alter the underlying editorial content or meaning of the requested material and that the resulting material is used solely within the scope of, and in a manner consistent

with, the particular authorization described in the Order Con�rmation and the Terms. Unless expressly set forth in the relevant Order Conformation, the License does not

authorize any other form of manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Con�rmation, no License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the

Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied or, in the case

of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit "publishing ventures" where any particular course materials would be systematically

marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in the Order Con�rmation arising from data provided

by User), any use authorized under the electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identi�er as assigned by the institution, and thereby including all sections or other subparts of the class) at

one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic password, student identi�cation or other control

permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining electronic access to the material, which is the subject

of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the e�ect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been made available electronically solely for use in the class,

and

a statement to the e�ect that the material may not be further distributed to any person outside the class, whether by copying or by transmission and whether electronically

or in paper form, and User must also ensure that such cover page or other means will print out in the event that the person accessing the material chooses to print out the

material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is thereupon required to delete the applicable material from

any electronic storage or to block electronic access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or college class, require separate permissions under the

electronic course content pay-per-use Service. Unless otherwise provided in the Order Con�rmation, any grant of rights to User is limited to use completed no later than the end of

the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall maintain for at least four full calendar years books and

records su�cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such

books and records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that User shall have underpaid for, or

underreported, any electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.

Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from

the date such amount was originally due. The provisions of this paragraph shall survive the termination of this license for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan reporting) (Non-academic internal/external business uses

and commercial document delivery). The License expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the applicable

Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database; 165



iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a speci�c customer of User;

v) republication in any di�erent form. Please obtain authorizations for these uses through other CCC services or directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Con�rmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For "electronic reproductions", which generally includes e-mail use

(including instant messaging or other electronic transmission to a de�ned group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance

incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Con�rmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an intranet or

extranet and one year for any other use, all as measured from the "republication date" as identi�ed in the Order Con�rmation, if any, and otherwise from the date of the Order

Con�rmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Con�rmation (after request by User and approval by Rightsholder); provided,

however, that a Work consisting of photographs or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution modi�ed without

additional express permission, and a Work consisting of audiovisual content may, if necessary, be "clipped" or reformatted for purposes of time or content management or ease of

delivery (provided that any such resizing, reformatting, resolution modi�cation or “clipping” does not alter the underlying editorial content or meaning of the Work used, and that

the resulting material is used solely within the scope of, and in a manner consistent with, the particular License described in the Order Con�rmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that Rightsholder may make changes or additions to the

Rightsholder Terms. Such updated Terms will replace the prior terms and conditions in the order work�ow and shall be e�ective as to any subsequent Licenses but shall not apply to

Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an organization of any kind) the License or any rights

granted thereunder; provided, however, that, where applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of

User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, where applicable, the Rightsholder. The Rightsholder

and CCC hereby object to any terms contained in any writing prepared by or on behalf of the User or its principals, employees, agents or a�liates and purporting to govern or otherwise

relate to the License described in the Order Con�rmation, which terms are in any way inconsistent with any Terms set forth in the Order Con�rmation, and/or in CCC's standard

operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Con�rmation, and whether such writing appears on a copy of the

Order Con�rmation or in a separate instrument.

e) The License described in the Order Con�rmation shall be governed by and construed under the law of the State of New York, USA, without regard to the principles thereof of con�icts

of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in any federal or state

court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the

Order Con�rmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.
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This is a License Agreement between Stephen Smith ("User") and Copyright Clearance Center, Inc. ("CCC") on behalf of the Rightsholder identi�ed in the order details below. The

license consists of the order details, the Marketplace Order General Terms and Conditions below, and any Rightsholder Terms and Conditions which are included below.

All payments must be made in full to CCC in accordance with the Marketplace Order General Terms and Conditions below.

LICENSED CONTENT

REQUEST DETAILS

NEW WORK DETAILS

ADDITIONAL DETAILS

REUSE CONTENT DETAILS

RIGHTSHOLDER TERMS AND CONDITIONS

The acknowledgement should state "Reproduced / adapted with permission" and give the source journal name. The acknowledgement should either provide full citation details or refer to

the relevant citation in the article reference list. The full citation details should include authors, journal, year, volume, issue and page citation. Where appearing online or in other electronic

media, a link should be provided to the original article (e.g. via DOI): Development: dev.biologists.org Disease Models & Mechanisms: dmm.biologists.org Journal of Cell Science:

jcs.biologists.org The Journal of Experimental Biology: jeb.biologists.org

Marketplace Order General Terms and Conditions

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions, govern User’s use of Works pursuant to the Licenses granted by

Copyright Clearance Center, Inc. (“CCC”) on behalf of the applicable Rightsholders of such Works through CCC’s applicable Marketplace transactional licensing services (each, a “Service”).

1) De�nitions. For purposes of these General Terms, the following de�nitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set forth in the Order Con�rmation.

“Order Con�rmation” is the con�rmation CCC provides to the User at the conclusion of each Marketplace transaction. “Order Con�rmation Terms” are additional terms set forth on speci�c

Order Con�rmations not set forth in the General Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-speci�c terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace platform, which are displayed on speci�c Order Con�rmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Con�rmation Terms collectively.

“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the Terms on behalf of a User is a freelancer or other third party who

the User authorized to accept the General Terms on the User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)” are the copyright protected works described in relevant Order Con�rmations.

2) Description of Service. CCC’s Marketplace enables Users to obtain Licenses to use one or more Works in accordance with all relevant Terms. CCC grants Licenses as an agent on behalf of

the copyright rightsholder identi�ed in the relevant Order Con�rmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of any con�ict between General Terms and Order Con�rmation Terms,

the latter shall govern. User acknowledges that Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any grant, and that CCC

has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The License

provides only those rights expressly set forth in the terms and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User chooses to be invoiced, the User shall: (i) remit payments in the manner

identi�ed on speci�c invoices, (ii) unless otherwise speci�cally stated in an Order Con�rmation or separate written agreement, Users shall remit payments upon receipt of the relevant

invoice from CCC, either by delivery or noti�cation of availability of the invoice via the Marketplace platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User

may incur a service charge of 1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in the License immediately upon

receiving the Order Con�rmation, the License is automatically revoked and is null and void, as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Con�rmation, any grant of rights to User (i) involves only the rights set forth in the Terms and does not include

subsequent or additional uses, (ii) is non-exclusive and non-transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of

use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order Con�rmation, User shall either secure a new permission for further use of the

Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the

Work. User may only make alterations to the Work if and as expressly set forth in the Order Con�rmation. No Work may be used in any way that is defamatory, violates the rights of third

parties (including such third parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit, or obscene. In addition, User may

not conjoin a Work with any other material that may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any infringement of any rights

in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such as photographs, illustrations, graphs, inserts and similar materials)

that are identi�ed in such material as having been used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this Service, if

available, or otherwise) for any of such third party materials; without a separate license, User may not use such third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the Service. Unless otherwise provided in the Order Con�rmation, a

proper copyright notice will read substantially as follows: "Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright];

permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably legible font size and must be placed either on a cover page or in another

location that any person, upon gaining access to the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent to the Work as

used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or notices for the new work containing the republished Work are located. Failure to

include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee speci�ed in the

Order Con�rmation, in addition to the use fee itself and any other fees and charges speci�ed.

10) Indemnity. User hereby indemni�es and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against all claims, liability, damages, costs, and

expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights granted herein and in the Order Con�rmation, or any use of a Work which has

been altered in any unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy, or other tangible or intangible property.
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11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING

WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF

ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective employees and

directors) shall not exceed the total amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its principals, employees, agents,

a�liates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT.

CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED

WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS,

INSERTS, OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR

THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) E�ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the License set forth in the Order Con�rmation and/or the Terms,

shall be a material breach of such License. Any breach not cured within 10 days of written notice thereof shall result in immediate termination of such License without further notice. Any

unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the Rightsholder's ordinary license price therefor; any

unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example, because materials containing the Work cannot reasonably be recalled) will be

subject to all remedies available at law or in equity, but in no event to a payment of less than three times the Rightsholder's ordinary license price for the most closely analogous licensable

use plus Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Speci�c Products and Services. If a User is making one of the uses described in this Section 14, the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom handouts). For photocopies for academic coursepacks or classroom

handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at their request by on-campus bookstores or copy centers,

or by o�-campus copy shops and other similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by

means of deleting material immediately preceding or following the entire portion of the Work copied) (ii) permit "publishing ventures" where any particular anthology would be

systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Con�rmation arising from data provided by User), any use authorized under the

academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identi�er as assigned by the institution, and thereby including all sections or other subparts of the class) at

one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except in order to produce an identical copy of a Work before or during

the academic term (or analogous period) as to which any particular permission is granted. In the event that User shall choose to retain materials that are the subject of a

photocopy permission in electronic memory for purposes of producing identical copies more than one day after such retention (but still within the scope of any permission

granted), User must notify CCC of such fact in the applicable permission request and such retention shall constitute one copy actually sold for purposes of calculating

permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by User to create a substantively non-identical copy of

the Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall maintain for at least four full calendar years books and

records su�cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such

books and records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that User shall have underpaid for, or

underreported, any photocopies sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.

Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from

the date such amount was originally due. The provisions of this paragraph shall survive the termination of this License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning management systems, academic institution intranets). For uses in

e-coursepacks, posts in electronic reserves, posts in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants authorizations to import requested material in electronic format,

and allows electronic access to this material to members of a designated college or university class, under the direction of an instructor designated by the college or university,

accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still images not embedded in text, which grants not

only the authorizations described in Section 14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials for use consistent with

Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modi�cation of the resolution of such requested material (provided that such modi�cation does not

alter the underlying editorial content or meaning of the requested material, and provided that the resulting modi�ed content is used solely within the scope of, and in a manner

consistent with, the particular authorization described in the Order Con�rmation and the Terms), but not including any other form of manipulation, alteration or editing of the

requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual content, which grants not only the authorizations

described in Section 14(b)(i)(A) above, but also the following authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)(i)(A)

above; (ii) to display and perform the requested material to such members of such class in the physical classroom or remotely by means of streaming media or other video

formats; and (iii) to "clip" or reformat the requested material for purposes of time or content management or ease of delivery, provided that such “clipping” or reformatting does

not alter the underlying editorial content or meaning of the requested material and that the resulting material is used solely within the scope of, and in a manner consistent

with, the particular authorization described in the Order Con�rmation and the Terms. Unless expressly set forth in the relevant Order Conformation, the License does not

authorize any other form of manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Con�rmation, no License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the

Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied or, in the case

of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit "publishing ventures" where any particular course materials would be systematically

marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in the Order Con�rmation arising from data provided

by User), any use authorized under the electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identi�er as assigned by the institution, and thereby including all sections or other subparts of the class) at

one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic password, student identi�cation or other control

permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining electronic access to the material, which is the subject

of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the e�ect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been made available electronically solely for use in the class,

and

a statement to the e�ect that the material may not be further distributed to any person outside the class, whether by copying or by transmission and whether electronically

or in paper form, and User must also ensure that such cover page or other means will print out in the event that the person accessing the material chooses to print out the

material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is thereupon required to delete the applicable material from

any electronic storage or to block electronic access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or college class, require separate permissions under the

electronic course content pay-per-use Service. Unless otherwise provided in the Order Con�rmation, any grant of rights to User is limited to use completed no later than the end of

the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall maintain for at least four full calendar years books and

records su�cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such

books and records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that User shall have underpaid for, or

underreported, any electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.

Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from

the date such amount was originally due. The provisions of this paragraph shall survive the termination of this license for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan reporting) (Non-academic internal/external business uses

and commercial document delivery). The License expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the applicable

Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;168



iv) reproduction for resale to anyone other than a speci�c customer of User;

v) republication in any di�erent form. Please obtain authorizations for these uses through other CCC services or directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Con�rmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For "electronic reproductions", which generally includes e-mail use

(including instant messaging or other electronic transmission to a de�ned group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance

incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Con�rmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an intranet or

extranet and one year for any other use, all as measured from the "republication date" as identi�ed in the Order Con�rmation, if any, and otherwise from the date of the Order

Con�rmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Con�rmation (after request by User and approval by Rightsholder); provided,

however, that a Work consisting of photographs or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution modi�ed without

additional express permission, and a Work consisting of audiovisual content may, if necessary, be "clipped" or reformatted for purposes of time or content management or ease of

delivery (provided that any such resizing, reformatting, resolution modi�cation or “clipping” does not alter the underlying editorial content or meaning of the Work used, and that

the resulting material is used solely within the scope of, and in a manner consistent with, the particular License described in the Order Con�rmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that Rightsholder may make changes or additions to the

Rightsholder Terms. Such updated Terms will replace the prior terms and conditions in the order work�ow and shall be e�ective as to any subsequent Licenses but shall not apply to

Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an organization of any kind) the License or any rights

granted thereunder; provided, however, that, where applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of

User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, where applicable, the Rightsholder. The Rightsholder

and CCC hereby object to any terms contained in any writing prepared by or on behalf of the User or its principals, employees, agents or a�liates and purporting to govern or otherwise

relate to the License described in the Order Con�rmation, which terms are in any way inconsistent with any Terms set forth in the Order Con�rmation, and/or in CCC's standard

operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Con�rmation, and whether such writing appears on a copy of the

Order Con�rmation or in a separate instrument.

e) The License described in the Order Con�rmation shall be governed by and construed under the law of the State of New York, USA, without regard to the principles thereof of con�icts

of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in any federal or state

court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the

Order Con�rmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.
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