
ABSTRACT 

 

PARK, CHANG SHIN. Kinetic Analysis of PDGF Receptor Signaling Pathways in 

Fibroblasts (Under the direction of Jason M. Haugh) 

 

Living cells perceive information about their surroundings and decode it in order to 

decide how to respond. To communicate with each other, cells transmit and receive specific 

chemical signals. All of this information flow is processed through intracellular signaling 

pathways, composed of receptors, second messengers, protein kinases and other signaling 

molecules. However, research on these intracellular processes is difficult because signaling 

pathways are connected to each other in numerous ways. Due to the complicated nature of 

the interactions among signaling molecules, the overall signal transduction network has 

hardly been investigated quantitatively or systematically. In order to reveal the underlying 

control of the signaling network, we designed mechanistic experiments to quantitatively 

measure the activity of signaling molecules and formulated a mathematical model consistent 

with these data. In this manner, we approached the study of the platelet-derived growth factor 

(PDGF) receptor mediated phosphoinositide (PI) 3-kinase/Akt signaling pathway and 

crosstalk between Ras and PI 3-kinase. 

The linear signaling pathway, PDGF receptor/PI 3-kinase/Akt, was systematically 

investigated by using biochemical assays and mathematical modeling. We find that PDGF 

receptor phosphorylation shows positive cooperativity with respect to PDGF concentration, 

and the receptor dimerization process is consistent with association of two 1:1 ligand-

receptor intermediate complexes. The kinetics of receptor phosphorylation are transient at 

high PDGF concentrations, reaching a maximum at 2-5 min after stimulation before 



experiencing receptor downregulation in accordance with receptor endocytosis and 

dephosphorylation. Activation of PI 3-kinase, and thus Akt, are saturated with respect to the 

number of activated receptors. At higher PDGF concentrations, the kinetics of 3’ PI 

production are governed by the first-order turnover rate constant and those of Akt are further 

controlled by its deactivation rate constant. 

To investigate the crosstalk between Ras and PI 3-kinase, we systematically designed 

experiments to assess the effect of Ras on PI 3-kinase activation and developed a simple 

mathematical model, based on the experimental results and proposed activation mechanism, 

to describe the molecular assembly of complexes involving PDGF receptors, PI 3-kinase, and 

Ras. From the experimental results, we find that the Ras effectively enhances the affinity of 

PI 3-kinase towards the receptor. In our model, this can only be explained if a ternary 

receptor/PI 3-kinase/Ras complex forms in two steps, where the second step is greatly 

enhanced through induced proximity and possibly allosteric effects. 
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Chapter 1 

Introduction 

 

1.1. SIGNIFICANCE 

 Cells modulate their activities in response to signals from their surrounding 

environment. Initially, extracellular ligands bind to specific receptors on a target cell, 

converting dormant receptors from an inactive state to an active state. Subsequently, the 

receptor stimulates intracellular biochemical pathways leading to cellular responses such as 

proliferation, apoptosis, protein trafficking, adhesion, migration, and metabolism. For these 

reasons, understanding and manipulating cell behavior has been an important issue in 

pharmacology and bioengineering (1-7). However, little has been done to gain a quantitative 

understanding of intracellular processes. A systematic experimental plan and analysis is 

required to quantitatively assess the activation kinetics of the intracellular signaling 

molecules, which will lead to a better understanding of the underlying mechanisms governing 

signal transduction networks. Signal transduction networks control cell behavior at the 

molecular level, and understanding these intracellular processes thus requires systematic 

investigation and a quantitative approach. 

 Cells transduce biochemical information through signaling pathways, resulting in 

multiple cellular responses. The signal transduction networks are complicated because the 

pathways are often interconnected through so-called crosstalk interactions. In such cases, the 

activation state of a specific signaling protein is influenced by multiple interactions, and so it 

is difficult to determine how much each is contributing. Assessing the dynamics of 

intracellular processes at the molecular level allows us to acquire the quantitative information 
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about the activation mechanisms of signal transduction networks, in terms of the kinetics of 

enzyme-mediated reactions and intermolecular complex formation (8). Examples of different 

relationships in signal transduction networks are depicted in Fig.1.1. The simplest example is 

a linear linkage, in which the output (response) directly corresponds to the input (stimulus), 

but in realistic models, the intracellular process is also influenced by other signaling 

pathways (9). In case b, receptors receive information from the surroundings and initiate 

multiple signaling pathways. Case c depicts crosstalk between two pathways. A potential 

outcome of crosstalk is synergy, in which two signaling pathways combined produce a total 

effect that is greater than the sum of individual contributions. Thus, in order to understand 

and consequently to control such intracellular processes, it is necessary not only to examine 

the linear linkages but also to consider such synergistic effects (10-14). 

 

 

 

Stimulation Stimulation Stimulation

Receptor Receptor Receptor

Signal Signal IISignal I Signal I Signal II

Output Output I Output II Output I Output II
A. Linear B. Pleiotropic C. Crosstalk

 
Figure 1.1. Networking between signal transduction pathways.  a) Linear relation 
between input and output. b) Input diverges into multiple pathways and outputs. c) Input 
diverges into multiple pathways with crosstalk. 
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 Cells control their behavior by maintaining a balance between signaling pathways, 

and when the balance is disrupted, abnormal cellular function arises. One example of this is 

cancer, in which the critical balance between the rate of cell-cycle progression and cell 

proliferation on one hand, and programmed cell death on the other, is dysregulated (15,16). 

The balance between quiescent, proliferative, and apoptotic states is an important example of 

cell functional decision-making (17-19). 

 

1.2. OBJECTIVES AND APPROACH 

 Cancer cells lose their ability to regulate cell proliferation and apoptosis, processes 

which are primarily related to the Ras/Erk and PI3-kinase/Akt pathways, respectively (Fig. 

1.2). It is known that oncogenic variants of the Ras protein are found in roughly 1/3 of all 

human tumors. The goal of our research was to systematically investigate the activation 

mechanisms of these pathways and to dissect the signal transduction network in order to 

understand the interactions between them. Platelet-derived growth factor (PDGF) was used to 

stimulate NIH 3T3 murine fibroblast cells, and quantitative, high-throughput 96 well 

microtiter plate assays were used to assess the activation levels of the PDGF receptor and the 

serine-threonine kinases, Akt and Erk. Ras-GTP elevation was also measured biochemically. 

To manipulate these pathways, the pharmacological agents PD098059 and LY294002 can be 

used to specifically block enzymes in the two pathways: MEK/Erk and PI 3-kinase, 

respectively (20,21), and/or one can overexpress variants of Ras that decouple the Ras-GTP 

level from receptor control. S17N H-Ras is dominant-negative Ras variant which inhibits 

endogenous Ras by sequestering guanine nucleotide exchange factors (GEFs). G12V H-Ras 
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is a constitutively GTP-bound Ras variant that continuously transmits signal to downstream 

molecules. 

 
 
Figure 1.2. Ras/Erk and PI 3-kinase/Akt pathways.  Ligand binds to a specific receptor 
that initiates the signaling pathways. The Grb2-Sos complex, which contains guanine 
nucleotide exchange factor activity, binds to the receptor and elevates Ras-GTP level (22,23). 
Ras-GTP can be converted back to Ras-GDP by GTPase activating protein (RasGAP) (24). 
Ras-GTP recruits Raf, leading to activation of Erk and cell proliferation (25,26). PI 3-kinase 
is also activated by receptors (27). The lipid second messenger PI(3, 4, 5)P3, a product of PI 
3-kinase, activates Akt and thus inhibits apoptotic signaling (28). 
 

 

 

 In Chapters 2 and 3, studies elucidating the governing mechanisms and activation 

kinetics of the PDGF receptor/PI 3-kinase/Akt pathway are presented. In Chapter 2, 

experimental results were analyzed as a function of both ligand concentration and time. 

Chapter 3 describes a mathematical model of PI 3-kinase/Akt activation, which, together 

with the experimental results, was used to evaluate possible activation mechanisms of each 

enzyme in pathway. Characteristic parameter values were estimated by fitting the model to 
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the experimental results. In Chapter 4, experiments and models analyzing the crosstalk 

between Ras and PI 3-kinase are presented, built on the hypothesis that there is synergistic 

effect of PDGF receptor and Ras on PI 3-kinase recruitment/activation. The activation of Akt 

was used as a direct readout of PI 3-kinase activation and its sensitivity to Ras-GTP levels, 

which were modulated through retroviral infection of wild-type, dominant-negative, and 

constitutively active Ras constructs. A mathematical model of the interactions among 

receptors, Ras, and PI 3-kinase was formulated from these data. 

 Quantitative analysis of cell biochemical measurements enabled us to evaluate 

certain underlying mechanisms and parameters involved in molecular signaling processes. By 

taking further steps in developing a mechanistic model, we were able to explain our own 

results and also to predict conditions that would give certain signaling outcomes. At the same 

time, our models are relatively simple and focus only on the major processes of PDGF 

receptor activation, elevation of Ras-GTP, 3’ phosphoinositide (PI) generation and Akt 

activation. Future experiments and modeling will need to be performed in order to study the 

more subtle regulatory interactions and to delve further downstream in the pathways. 

 

 

1.3. BACKGROUND 

 

1.3.1. Platelet-derived Growth Factor Receptor 

 PDGF refers to four related but distinct polypeptide chains, A, B, C, and D. These 

chains are linked by disulfide bonds to form stable homodimers and heterodimers (AB, BB, 

CC, and DD). Binding of PDGF induces dimerization of the receptors on the cell surface, and 
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this process is critical in activating intrinsic kinase activity in the cytosolic domain of the 

receptor (29). There are two structurally related PDGF receptors, α and β. These two PDGF 

receptors form different homo- and hetero- dimers (αα, αβ, ββ) according to the affinities of 

the receptors for the PDGF chains. For example, PDGF β–receptor does not bind the PDGF 

A chain, such that PDGF-BB binds with high affinity (Kd, 0.5 nM), PDGF-AB binds with 

lower affinity (Kd, 2.5 nM), and there is no appreciable affinity for PDGF-AA (30-32). 

Following receptor dimerization, the two receptors transphosphorylate each other at specific 

tyrosine residues in their cytoplasmic domains (33). One of the important functions of 

receptor phosphorylation is to regulate catalytic activity of the conserved tyrosine kinase 

domains, for example through phosphorylation of Tyr 857 in the PDGF β receptor (10,34,35). 

It is reported that the receptor shows reduced kinase activity when this tyrosine is mutated to 

phenylalanine (36). 

 More importantly, receptor phosphorylation sites provide a scaffold for the docking 

of specific intracellular enzymes and adaptor proteins that initiate signal transduction (Fig. 

1.3) (37-39). Intracellular signal transduction involves direct interactions between signaling 

molecules, mediated by structurally conserved, modular protein domains. Src homology 2 

(SH2) and phosphotyrosine binding (PTB) domains recognize phosphorylated tyrosine 

residues (40,41), Src homology 3 (SH3) domains recognize proline-rich regions, and 

pleckstrin homology (PH) domains recognize membrane phospholipids. There are more than 

10 different SH2-domain-containing proteins that bind phosphorylated PDGF receptors. The 

3-6 amino acids following the phosphorylated tyrosine residue determine the specificity of 

SH2 domain binding, such that the different SH2 domain-containing proteins can bind to 

specific phosphotyrosine sites with different affinities (41). 

 6



 

 

 

 
 
 
Figure 1.3. Interactions between PDGF β-receptors and signaling proteins.  The 
intracellular portions of homodimeric PDGF β-receptors complexes are depicted. 
Phosphorylated tyrosine residues are indicated, along with the known interactions between 
individual phosphorylated tyrosine residues and different SH2 domain-containing signal 
transduction proteins (adapted from (38)). The list of such molecules includes 
phosphoinositide (PI) 3-kinase (42), Ras GTPase activating protein (RasGAP) (43), and 
adaptor molecules such as Grb2. PI 3-kinase is composed of a regulatory subunit, p85 and a 
catalytic subunit, p110. The regulatory subunit binds to two receptor phosphorylation sites, 
Tyr 740 and 751, through dual SH2 domains. PI 3-kinase phosphorylates the inositol ring of 
phosphatidylinositol (PI) lipids, converting PI 4,5-bisphosphate to PI 3,4,5-triphosphate. 
RasGAP binds to Tyr 771 of PDGF β-receptor through an SH2 domain and catalyzes the 
hydrolysis of Ras-GTP to Ras-GDP, regulating Ras signaling (43). Grb2 is a small adaptor 
protein with one SH2 and two SH3 domains (44), which engages Tyr 716 of the receptor; it 
couples Son of sevenless (Sos), a Ras-specific guanine nucleotide exchange factor (GEF), to 
the receptor (45) and thus mediates conversion of Ras to the active, GTP-bound state (22). 
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1.3.2. PI 3-kinase 

 PI 3-kinase plays an important role in PDGF-stimulated actin reorganization, 

directed cell migration, stimulation of cell proliferation, and inhibition of apoptosis (46-48). 

PI 3-kinases phosphorylate phosphatidylinositol lipids on the D3 position of the inositol ring 

at the plasma membrane (49). There are three classes of PI 3-kinases in mammals, but only 

class I PI 3-kinases are associated with growth factor receptor stimulation. Class I PI 3-

kinases are divided into subclasses, IA and IB, which receive signals from receptor tyrosine 

kinases and heterodimeric G-proteins respectively. Class IA PI 3-kinases are widely 

distributed in mammalian cells, and these enzymes consist of a catalytic subunit, p110, in 

complex with a regulatory subunit, p85. The p85 regulatory subunit contains two SH2 

domains and each of them binds to a phosphorylated tyrosine residue, Tyr 740 and Tyr 751, 

in the PDGF β-receptor (Fig. 1.3). Both of these sites are phosphorylated after growth factor 

stimulation (50). The p85 regulatory subunit of PI 3-kinase is phosphorylated at Tyr 508 after 

binding to the PDGF β-receptor. The binding of p85 to the aforementioned phosphorylation 

sites of the receptor result in a conformational change and increased enzymatic activity of the 

associated p110 catalytic subunit (51). PI 3-kinase also interacts, through the catalytic 

subunit, with GTP-bound Ras, an interaction that also activates PI 3-kinase (52). 

 Phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) is the preferred substrate for the PI 

3-kinases activated by tyrosine kinase receptors (53). The lipid product is thus 

phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3), from which PI(3,4)P2 is also produced 

in a second enzymatic step. These lipid second messengers recruit and activate a number of 

enzymes, including the serine/threonine kinases, Akt/PKB (54-56), forming a signaling 

pathway that has been prominently linked to cell survival. 
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1.3.3. Akt 

 Akt (protein kinase B) is a growth-factor-regulated serine/threonine kinase and has 

emerged as a critical downstream target for PI 3-kinase (57,58). The activation of PI 3-kinase 

is strictly required for PDGF-induced Akt activation. Binding of PI 3-kinase products to the 

pleckstrin homology (PH) domain results in translocation of Akt to the plasma membrane, 

where it is activated through phosphorylation of Thr308 and Ser473 by other kinases (Fig. 

1.4) (59-62). Activated Akt protects cells from apoptosis during growth factor stimulation. 

Akt influences cell survival by phosphorylation of various proteins involved in apoptosis and 

by regulation of the expression of apoptotic proteins. As an example, Akt phosphorylates the 

proapoptotic bcl-2 family member Bad at Ser 136. Consequently, this residue provides a 

binding site for 14-3-3 proteins, which block dimerization of Bad and thus apoptosis (63). 

Bad phosphorylation indirectly prevents caspase 9 activation by reducing the outflow of 

cytochrome C from mitochondria (64). However, Akt can also control caspase 9 activity 

independently from Bad phosphorylation by preventing the loss of mitochondrial membrane 

integrity (65,66). In addition, Akt controls the expression levels of apoptotic protein through 

regulation of transcription factors (67). 
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Figure 1.4. A model for the activation of Akt by PI 3-kinase dependent mechanisms.  
PI 3-kinase binds to phosphorylated receptors through its p85 regulatory subunit, activating 
the p110 catalytic subunit. The active PI 3-kinase generates 3’ PIs that recruit cytosolic Akt, 
and enzymes such as 3’ phosphoinositide-dependent kinase (PDK) 1 and PDK2, through 
their PH domains. Akt is phosphorylated and activated at the plasma membrane by PDK 1/2. 
Adapted from (55). 
 

 

1.3.4. Ras 

 The Ras proteins Ha-Ras (68), K-Ras and N-Ras are highly conserved 21 kDa 

GTPases, stably associated with the plasma membrane, which cycle between GDP and GTP-

binding states (69). Only the GTP-bound form of Ras is active and participates in 

downstream signal transduction. Because it cycles between GTP- and GDP-bound forms, Ras 

serves as a molecular switch or timer. Mammalian Sos, a guanine nucleotide exchange factor 

(GEF), and Ras associate intrinsic GTPase are responsible for the changes in Ras-GTP and 

Ras-GDP bound form respectively. GTPase activating protein (GAP), by binding with Ras-

GTP, accelerates the conversion of GTP- to GDP-bound form (24,70). Mutations in Ras that 

increase the GTP-bound fraction result in continuous signaling to its effectors, causing 
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morphological and mitogenic transformation (71-73). Through various studies, it has been 

shown that activation of the cell cycle machinery requires the participation of multiple 

signaling pathways (74). These pathways include Ras-dependent effectors such as Raf-1 (26) , 

PI 3-kinase (75), and p21 Ral. These Ras effectors preferentially bind to Ras-GTP with 

different affinities, creating multiple signaling outputs such as cell proliferation, migration, 

and cell survival (27,59,76-78). 

 

1.3.5. Erk 

 In tumor cells, a positive correlation exists between Ras-activating mutations and 

downstream activation of Erk (79). The 43/44 and 41/42-kDa Erk1 and Erk 2 are Ser/Thr 

kinases that are rapidly phosphorylated and activated in response to growth factor stimulation 

(80). The activation of Erk1 is achieved through phosphrylation on Thr202 and Tyr204 

residues, likewise the activation of Erk2 is achieved through phosphorylation on Thr183 and 

Tyr185, by upstream MAPK/Erk kinase (MEK) 1 and MEK2. It has been reported that the 

conditional kinase-defective mutants of Raf-1 impair Erk activation (26). Therefore, one of 

the potent mechanisms of Erk activation is through a Ras/Raf-1/MEK/Erk signaling cascade. 

There are numerous substrates of Erk1 and Erk2, including proteins involved in the 

phosphorylation-dependent stimulation of gene transcription. In order to regulate 

transcriptional processes, Erk1/2 translocate to the nucleus following their activation. In 

certain contexts, Erk1/2 also phosphorylate proteins upstream in the Erk signaling pathway, 

forming a negative feedback loop (81). For example, hyperphosphorylation of Sos apparently 

attenuates its GEF activity toward Ras (82). 
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1.3.6. Crosstalk between Ras/Erk and PI 3-kinase/Akt signaling pathways 

 The Ras/Erk pathway and PI 3-kinase/Akt pathway are involved in cell proliferation 

and cell survival, respectively (83,84). However, as illustrated in Fig. 1.5, the signaling 

network comprised of these two pathways possesses multiple branch and convergence points. 

Among the branch points is Ras, which tends to activate both Raf and PI 3-kinase, 

contributing to enhanced cell proliferation and survival. PI 3-kinase is both a branch point, 

because it is responsible for activating many targets in this network, and a convergence point 

that is activated by receptors directly and by Ras (52,75). Another convergence point is Raf, 

which is inhibited by Akt (85,86) yet activated by Pak, another kinase downstream of PI 3-

kinase (87,88). The Ras/Erk and PI 3-kinase/Akt pathways are considered important targets 

for cancer therapies due to their function in regulating the cell life and death switch (89-93). 

However, from the analysis of branching and converging signals, it is clear that the outcomes 

of interventions targeting specific nodes of this network are not always easy to predict. A 

quantitative approach, including kinetic analysis and modeling, promises to bring us closer to 

resolving these complexities (94). 
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Figure 1.5. Crosstalk between Ras/Erk and PI 3-kinase/Akt pathways.  PI 3-kinase not 
only receives a signal from the receptor but also interacts with Ras-GTP (75). Akt, which is 
direct downstream of PI 3-kinase, phosphorylates and inhibits Raf (85,86,95). In contrast to 
Akt inhibition of Raf, Pak and PKC, which are also downstream of PI 3-kinase, contribute to 
the activation of Raf (87,88). 
 

 

 

1.4. SUMMARY OF CONCLUSIONS 

 New approaches to studying signal transduction networks will allow us to explore 

cell regulation more quantitatively and systematically. The major insights gained from our 

analysis of PDGF receptor signaling are as follows. 

 

 In contrast with a previously posed model of PDGF-induced receptor dimerization, it 

was found that receptor phosphorylation shows positive cooperativity with respect to PDGF 

concentration. At higher ligand concentrations, receptor phosphorylation is transient, 

reaching its maximum at 2-5 min after PDGF addition and dropping thereafter due to the 
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receptor internalization. These observations are quantitatively consistent with a kinetic model 

in which receptor dimerization occurs with association of two 1:1 ligand-receptor complexes 

as an intermediate step. 

 

 Half-maximal Akt activation is observed between 0.1 and 0.2 nM PDGF, and at 

PDGF concentrations above 0.5 nM, the Akt activation kinetics are insensitive to PDGF dose 

and more sustained in relation to receptor phosphorylation. The production of 3’ PIs shows 

similar activation kinetics and dose-response, indicating that the saturation occurs at the level 

of PI 3-kinase activation. Based on the dose-response correlation of PDGF receptor 

phosphorylation and Akt activation, there is an approximately linear relationship between 3’ 

PI level and Akt activation. 

 

 Ras-GTP also contributes to PDGF receptor-mediated PI 3-kinase activation. 

Because PDGF receptors and Ras are both membrane-associated and bind different subunits 

of PI 3-kinase, a model was postulated in which the three proteins form a ternary complex in 

two steps, with the rate of the second greatly enhanced by induced proximity. Consistent with 

this model, it was found that blocking PDGF receptor activation of Ras shifted the PI 3-

kinase/Akt dose response towards higher PDGF concentrations. Additional modeling 

suggests that Ras-GTP levels are much higher than the whole-cell average in the vicinity of 

some activated receptors, affecting ternary complex formation. 
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Chapter 2 

Kinetic Analysis of Platelet-derived Growth Factor Receptor/ 

Phosphoinositide 3-kinase/Akt Signaling in Fibroblasts 

 

Adapted from Park et al., J. Biol. Chem., 278: 37064-37072 (2003). 

 

2.1. ABSTRACT 

 Isoforms of the serine-threonine kinase Akt coordinate multiple cell survival 

pathways in response to stimuli such as platelet-derived growth factor (PDGF). Activation of 

Akt is a multi-step process, which relies on the production of 3’-phosphorylated 

phosphoinositide (PI) lipids by PI 3-kinases. To quantitatively assess the kinetics of PDGF 

receptor/PI 3-kinase/Akt signaling in fibroblasts, a systematic study of this pathway was 

performed, and a mechanistic mathematical model that describes its operation was 

formulated. We find that PDGF receptor phosphorylation exhibits positive cooperativity with 

respect to PDGF concentration, and its kinetics are quantitatively consistent with a 

mechanism in which receptor dimerization is initially mediated by the association of two 1:1 

PDGF/PDGF receptor complexes. Receptor phosphorylation is transient at high 

concentrations of PDGF, consistent with the loss of activated receptors upon endocytosis. By 

comparison, Akt activation responds to lower PDGF concentrations and exhibits more 

sustained kinetics. Further analysis and modeling suggest that the pathway is saturated at the 

level of PI 3-kinase activation, and that the p110α catalytic subunit of PI 3-kinase contributes 

most to PDGF-stimulated 3’ PI production. Thus, at high concentrations of PDGF the 
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kinetics of 3’ PI production are limited by the turnover rate of these lipids, while the Akt 

response is additionally influenced by the rate of Akt deactivation. 
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2.2. INTRODUCTION 

 Platelet-derived growth factor (PDGF) is a polypeptide mitogen that was first 

derived from blood serum and has been intensively researched in past decades (1). Through 

specific transmembrane receptors, PDGF stimulates multiple cellular behaviors such as cell 

proliferation, directed cell migration, and survival (2,3). PDGF ligands are composed of 

disulfide-bonded homo- and heterodimers of A, and B chains, of which PDGF-BB is the best 

characterized. More recently, PDGF-C and -D isoforms, which form homodimers, have also 

been identified; these too exhibit different affinities for PDGF α- and β-receptors (4-6). 

There are three different types of PDGF receptors composed of two distinct subunits, α and 

β, which exhibit different affinities for PDGF isoforms; the PDGF β receptors only bind to 

PDGF-BB homodimer (7,8). 

 PDGF binding induces receptor dimerization, promoting activation of intrinsic 

protein tyrosine kinase domains and transphosphorylation of the receptor tails (9,10). 

Receptor phosphorylation sites serve as docking sites for intracellular signaling molecules 

and adaptor proteins (11-14). Among the most important of these are isoforms of 

phosphoinositide (PI) 3-kinase, which phosphorylate phosphatidylinositol (PtdIns) lipids in 

cell membranes to produce the 3’ PI second messengers PtdIns(3)P, PtdIns(3,4)P2, and 

PtdIns(3,4,5)P3 (15,16). Class IA PI 3-kinases are heterodimers composed of p85 regulatory 

and p110 catalytic subunits. The 110 kDa α and β isoforms of the PI 3-kinase catalytic 

subunit are involved in receptor tyrosine kinase signaling, and they phosphorylate 

PtdIns(4,5)P2 at D3 position of inositol ring to form PtdIns(3,4,5)P3. The 85 kDa regulatory 

subunit contains a SH (Src homology) 3 domain, a proline-rich sequence, and two SH2 

domains separated by the inter SH2 domain. The two SH2 domains engage the PDGF 
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receptor phosphorylation sites, Tyr 740 and Tyr 751, activating the catalytic subunit through 

a conformational change and localization at the plasma membrane (17-20)(21). 

 The lipid products of PI 3-kinase are second messengers that play important roles in 

downstream signaling (22,23). Many 3’ PI-binding proteins have now been discovered; these 

proteins bind the lipids using FYVE or pleckstrin homology (PH) domains. The PH domain 

is essential for the 3’ PI-dependent activation of Akt (24,25), a serine-threonine kinase that 

affects cell survival through multiple downstream signaling pathways (26,27). 

PtdIns(3,4,5)P3 and PtdIns(3,4)P2, lipid products of PI 3-kinase, bind the Akt PH domain 

with high affinity and specificity. Membrane-recruited Akt is phosphorylated by 3-

phosphoinositide-dependent protein kinase-1 (PDK-1) and PDK-2 on Thr308 and Ser473, 

respectively (residue positions in human Akt-1), to complete the activation process. PDK-1 

and -2 are also recruited by PtdIns(3,4,5)P3 and PtdIns(3,4)P2 (28-35). 

 To approach PDGF signaling in a quantitative manner, the PDGF receptor/PI 3-

kinase/Akt pathway was systematically investigated using biochemical assays and 

mathematical modeling (36,37). We have measured activation of PDGF receptor, levels of 3’ 

PI lipid, and activation of Akt as a function of time and PDGF concentration in NIH 3T3 

fibroblasts. We were thus able to assess the sensitivity of each step in the pathway, with 

respect to both the magnitude and kinetics of the response. A simple mathematical model was 

developed based on proposed activation mechanisms in this pathway. 

 We find that activation of Akt is saturated with respect to PDGF receptor 

phosphorylation, apparently at the level of activating PI 3-kinases. Thus, at higher 

concentrations of PDGF the kinetics of 3’ PI production and activation of Akt are sustained 

and largely limited by the rate of 3’ PI turnover. Although we found that both p110α and 
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p110β catalytic subunits of PI 3-kinase are recruited by PDGF receptors in our cells, our 

results suggest that p110α contributes most to 3’ PI production and Akt activation. Another 

primary result of our modeling and analysis concerns the mechanism of PDGF receptor 

dimerization. We report that a model in which dimeric PDGF ligand binds to one receptor 

molecule and then cross-links a second, unbound receptor is neither quantitatively nor 

qualitatively consistent with our data. On the other hand, our data is completely consistent 

with a model in which dimerization requires the association of two 1:1 ligand-receptor 

complexes as an initial step, perhaps with formation of a stable 1:2 complex thereafter. 

 

 

2.3. EXPERIMENTAL PROCEDURES 

 

2.3.1. Reagents and antibodies 

 All tissue culture reagents were purchased from Invitrogen. Human recombinant 

PDGF-BB was from Peprotech, and LY294002 was from Calbiochem. Antibodies against 

the extracellular domain of PDGF β-receptor were from Oncogene Research Products (PC-17, 

without bovine serum albumin), and horseradish peroxidase (HRP)-conjugated Fab 

fragments recognizing phosphotyrosine (RC20) were from Transduction Laboratories. 

Antibodies against the Akt 1/2 N-terminus and the peptide substrate for Akt were from Santa 

Cruz Biotechnology, and [γ-32P]-ATP was from NEN-Perkin Elmer. Phospho-specific 

antibodies against Akt (pSer473) and PDGF β-receptor (pTyr751) were from Cell Signaling 

Technologies, antibodies against PI 3-kinase p110α and p110β isoforms were from Upstate 
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Biotechnology, and protein A-sepharose was from Zymed. Unless otherwise noted, all other 

reagents were from Sigma. 

 

2.3.2. Cell culture and preparation of detergent lysates 

 NIH 3T3 fibroblasts (American Type Culture Collection) were subcultured in 10 cm 

tissue culture dishes with Dulbecco’s Modified Eagle Medium (DMEM) containing 10% 

fetal bovine serum, 2 mM L-glutamine, and the antibiotics penicillin and streptomycin. 

Dishes to be processed on the same day were plated with equal numbers of cells and allowed 

to reach at least 90% confluency. The cells were quiesced for 4 hours in DMEM containing 2 

mM L-glutamine, the antibiotics penicillin and streptomycin, and 1 mg/ml fatty acid-free 

bovine serum albumin (BSA). At various times, PDGF-BB and other treatments were added 

to each plate at the final concentration indicated and incubated for the time interval specified 

at 37°C in 5% CO2. At the endpoint of the experiment, each plate was washed once with ice-

cold Dulbecco’s phosphate-buffered saline (PBS) and then lysed in 500 µl ice-cold buffer 

containing 50 mM HEPES, pH 7.4, 100 mM NaCl, 10% v/v glycerol, 1% v/v Triton X-100, 1 

mM sodium orthovanadate, 10 mM sodium pyrophosphate, 50 mM β-glycerophosphate, pH 

7.3, 5 mM sodium fluoride, 1 mM EGTA, and 10 µg/ml each aprotinin, leupeptin, pepstatin 

A, and chymostatin. After scraping insoluble debris and transferring to an Eppendorf tube, 

the lysates were vortexed briefly, incubated on ice for 20 minutes, and clarified by 

centrifugation. The supernatants were collected and stored frozen at –80°C until use. Protein 

assays (Micro BCA, Pierce) were used to confirm that lysates collected on the same day 

contained roughly equivalent total protein concentrations. 
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2.3.3. Enzyme-linked immunosorbent assay (ELISA) of PDGF β-receptor phosphorylation 

 Opaque, high protein-binding microtiter plates (Corning) were coated overnight with 

at least 375 ng of capture antibody recognizing the PDGF β-receptor extracellular domain per 

well. The wells were then incubated with ELISA blocking buffer (10% v/v horse serum, 

0.05% v/v Tween-20 in PBS) for 1 hour at room temperature. After washing once with the 

same buffer, each well was incubated with 50 µl ELISA blocking buffer plus 50 µl cell lysate 

for 90 minutes with agitation at room temperature, followed by extensive washing with high 

salt buffer (10 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.1% Tween-20, and 0.1% SDS). Wells 

were then incubated with HRP-conjugated anti-phosphotyrosine Fab fragments at 0.2 µg/ml 

in ELISA blocking buffer for 1 hour at room temperature, followed by more washes with 

high salt buffer. Finally, substrate solution (ELISA Femto, Pierce) was applied, and the 

relative light signals were acquired using a microplate luminometer (Wallac Microbeta). 

 

2.3.4. Akt kinase activity assay 

 High protein-binding microtiter plates (Corning) were incubated overnight with 500 

ng/well protein G in carbonate buffer, followed by washes with carbonate buffer alone. The 

wells were then incubated with anti-Akt antibodies at 500 ng/well in carbonate buffer for 2 

hours with agitation at room temperature. This solution was removed, and BSA blocking 

buffer (10 mg/ml BSA, 0.05% Tween 20 in PBS) was added for 1 hour at room temperature. 

After washing once with BSA blocking buffer, 25 µl of BSA blocking buffer and 50 µl cell 

lysate were added to each well and incubated for 90 minutes with agitation at room 

temperature. After washing three times with BSA blocking buffer and twice with reaction 

buffer (20 mM Tris-HCl, pH 7.5, 5 mM β-glycerophosphate, pH 7.3, 1 mM EGTA, 0.2 mM 
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dithiothreitol, and 0.1 mg/ml fatty acid-free BSA), each well was incubated with 80 µl 

reaction buffer supplemented with 1 µg peptide substrate, 1 µM ATP, 2 µCi [γ-32P]-ATP, and 

15 mM MgCl2 for 1 hour with agitation at room temperature. The reaction was stopped by 

adding 80 µl of 100 mM H3PO4 to each well. From each well 100 µl was carefully 

transferred to the corresponding well in a phosphocellulose filter-bottom plate (Millipore), 

pre-equilibrated with 100 mM H3PO4. After extensive washing with 100 mM H3PO4 and then 

75% ethanol, the filter plate was dried and counted with 40 µl scintillation fluid per well in a 

microplate scintillation counter (Wallac Microbeta). 

 

2.3.5. Quantitative immunoblotting 

 Pooled cell lysates were subjected to SDS-PAGE in 20 cm-wide gels using standard 

techniques. When immunoprecipitations were performed, each lysate was first incubated 

with 5 µg of capture antibodies and 25 µl of protein A-sepharose for 2 hours at 4°C, followed 

by extensive washing with lysis buffer. After gel electrophoresis, proteins were transferred to 

PVDF membrane (Immobilon, Millipore) and probed with the indicated antibodies. The blots 

were incubated with chemiluminescence substrates (Pierce) and imaged using a high 

sensitivity CCD camera (BioRad Fluor S-Max). All pixel intensities were within the dynamic 

range. 

 

2.3.6. Total internal reflection fluorescence (TIRF) microscopy 

 This technique was performed essentially as described (38). Our microscope was 

equipped with a Melles Griot tunable wavelength laser (60 mW at 488 nm), Zeiss upright 

stand, Ludl emission filter wheel with Chroma filters, and Hamamatsu ORCA ER digital 
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CCD. The Akt PH domain was cloned into pEGFP-C1 (Clontech) to express the GFP-AktPH 

construct in mammalian cells. Cells were plated onto glass cover slips coated with poly-D-

lysine and later transfected with GFP-AktPH using Lipofectamine Plus (Invitrogen). The 

following day, the cells were quiesced in serum free medium for four hours and then 

visualized on the microscope. The stage was enclosed in a chamber maintained at 37°C, and 

the imaging buffer was composed of 20 mM HEPES pH 7.4, 125 mM NaCl, 5 mM KCl, 1.5 

mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 2 mg/ml fatty acid-free BSA, to which 

PDGF-BB and other treatments were added at the times indicated. Images were acquired and 

analyzed using Metamorph software (Universal Imaging). 

 

2.3.7. Estimation of integrated responses 

 As an estimation of the integral of a measured variable with respect to time, the 

trapezoidal rule was employed: 

 

  y(t)dt ≈
1
2

(yi+1 + yi)(ti+1 − ti)
i= 0

N −1

∑0

tN∫  

 

Dividing the time integral by the total duration of the time course tN yields the time-averaged 

value of the measurement. This was found to be a robust way of normalizing data from time 

course experiments collected on different days. 

 

2.3.8. Model computation 

 The coupled ordinary differential equations were solved by numerical integration 

using Excel. Parameter optimization was performed using the Solver tool, minimizing the 
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sum of absolute deviations (least-squares minimization showed bias towards agreement with 

data for higher PDGF concentrations). Numerical accuracy was confirmed by comparing 

model output with different time intervals. Model calculations using the stiff ODE solver in 

MATLAB gave essentially identical results. 
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2.4. RESULTS 

 

2.4.1. Quantitative measurements of PDGF β-receptor autophosphorylation kinetics reveal 

a positively cooperative activation mechanism 

 Tyrosine phosphorylation of the PDGF β-receptor, the hallmark of receptor 

dimerization and kinase activation, was measured in detergent lysates of NIH 3T3 fibroblasts 

using a quantitative sandwich ELISA assay. In control experiments, it was confirmed that 

this measurement is linear with respect to the amount of lysate protein incubated in the wells 

under the conditions of our assay. Tissue culture plates containing equal numbers of cells 

were stimulated with PDGF-BB concentrations of 0.05, 0.1, 0.2, 0.5, 1, 3, or 10 nM for 

durations of 2, 5, 10, or 20 minutes on the same day. Lysates from two unstimulated plates 

were also prepared. Each lysate was assayed in duplicate, and the procedure was replicated 

on five different days. The phosphorylation signal at each condition was normalized by the 

time-averaged 10 nM phosphorylation signal, integrated numerically over the 20 minute time 

course, obtained on the same day. The means of the five experiments are displayed in Fig. 

2.1A, as a function of time for the various doses of PDGF. 

 At low concentrations of PDGF-BB (below 0.5 nM), tyrosine phosphorylation of the 

PDGF β-receptor achieves a steady state, and the plateau value is sensitive to PDGF-BB 

concentration in this regime. At higher ligand concentrations (above 0.5 nM), receptor 

phosphorylation is clearly transient, exhibiting a maximum value at 2-5 minutes. As the 

concentration of PDGF-BB is increased, the peak phosphorylation level becomes less 

sensitive to ligand concentration, and the peak occurs at increasingly earlier times. Another 

feature observed in the data is the presence of positive cooperativity with respect to PDGF 
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concentration. At low concentrations of PDGF, doubling the ligand concentration yielded 

gains in receptor phosphorylation of 3- to 4-fold. Consistent with this, the peak receptor 

phosphorylation levels over the entire range of PDGF doses exhibit an observed Hill 

coefficient of 1.6, as shown in Fig. 2.1B. Receptor activation from 10% to 90% maximum is 

achieved within roughly one log of PDGF concentration, rather than the two logs predicted 

from single-site ligand-receptor binding. 

 

2.4.2. The activities of PI 3-kinase and Akt are saturated with respect to the number of 

phosphorylated PDGF receptors, with no apparent cooperativity 

 From the same NIH 3T3 lysates used to measure PDGF β-receptor phosphorylation 

at various PDGF concentrations and times, we assessed the activation of Akt by in vitro 

kinase assay. As in the PDGF receptor phosphorylation ELISA, great care was taken here to 

ensure that the measurement was sensitive to dilution of the lysate applied to the wells coated 

with anti-Akt antibodies, and all measurements were made in duplicate. The Akt activation 

time courses, displayed in Fig. 2.2A, are clearly distinct from the kinetics of PDGF β-

receptor phosphorylation. In terms of the dose response, half-maximal Akt activation is 

observed between 0.1 and 0.2 nM PDGF, and at PDGF concentrations above 0.5 nM, the Akt 

activation kinetics are insensitive to PDGF dose and more sustained in relation to receptor 

phosphorylation. These observations suggest that the ability of the cell to activate Akt is 

saturated with respect to phosphorylated PDGF receptors. 
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Figure 2.1. PDGF receptor phosphorylation shows positive cooperativity with respect to 
PDGF concentration.  A. Time courses of PDGF β-receptor tyrosine phosphorylation in 
NIH 3T3 fibroblasts, stimulated with various concentrations of PDGF-BB, were quantified 
by sandwich ELISA as described under Experimental Procedures. After subtracting the 
average signal from lysates of unstimulated cells, each data point was normalized by the 
time-integrated average for 10 nM stimulation measured on the same day. The symbols are 
averages of experiments performed on five different days (mean ± s.e.m., n = 5). PDGF-BB 
concentrations are: , 0.05 nM; , 0.1 nM; , 0.2 nM; , 0.5 nM; , 1 nM; , 3 nM; , 
10 nM. B. The peak level of PDGF receptor phosphorylation achieved with respect to time, 
from the data in A, is plotted as a function of PDGF dose. A fit to the Hill function, y(x) = 
ymax*xn/(Kn + xn), yielded a Hill coefficient n of 1.55 ± 0.16 (R2 > 0.99), indicating positive 
cooperativity (solid curve). The function with a Hill coefficient of 1 passing through the same 
half-maximal value is shown for comparison (dashed curve). 
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Figure 2.2. Akt activation does not exhibit positive cooperativity with respect to PDGF 
receptor phosphorylation.  A. Time courses of Akt activation in NIH 3T3 fibroblasts, 
stimulated with various concentrations of PDGF-BB, were quantified by in vitro kinase assay 
as described under Experimental Procedures. After subtracting the average signal from 
lysates of unstimulated cells, each data point was normalized by the time-integrated average 
for 10 nM stimulation measured on the same day. The symbols are averages of experiments 
performed on five different days (mean ± s.e.m., n = 5). PDGF-BB concentrations are: , 
0.05 nM; , 0.1 nM; , 0.2 nM; , 0.5 nM; , 1 nM; , 3 nM; , 10 nM. B. Receptor-
signal response curve for PDGF-stimulated Akt activation in NIH 3T3 fibroblasts. The time-
integral of Akt activation, from the data in A, is plotted versus that of PDGF receptor 
phosphorylation (Fig. 2.1A). Time-integrals were normalized by the 10 nM PDGF point for 
each day of experiments, and the values shown are mean ± s.e.m., n = 5. The solid curve is 
the best fit assuming no cooperativity, y(x) = ymax*x/(K + x). 
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 To further assess the relationship between receptor phosphorylation and Akt activity, 

the two responses were correlated. When a signal is integrated over time, the resulting 

quantity is sensitive to both the magnitude and kinetics of the response. In Fig. 2.2B, the 

time-integrated Akt activity is plotted as a function of the associated time-integral of PDGF 

receptor phosphorylation for each concentration of PDGF-BB to assess the sensitivity of this 

relationship, which we term the receptor-signal response curve. In terms of time integrals, 

Akt activation is 50% maximal when receptor phosphorylation is only ~ 10% of its 

maximum value. In addition, the relationship does not exhibit apparent positive 

cooperativity; a Hill coefficient of 1 fit the data well, far better than values of 1.5 or higher. 

 In previous work with the same cells, the PDGF dose response and kinetics of 3’ PI 

production were reported (38), showing the same essential features observed here for Akt 

activation. Half-maximal 3’ PI production was stimulated in the range of 0.1-0.3 nM PDGF-

BB, and at PDGF-BB concentrations of 1 nM and above, the kinetics were sustained and 

insensitive to PDGF concentration. These observations indicate that the pathway is saturated 

upstream of Akt, at the level of PI 3-kinase activation. The lack of cooperativity in Fig. 2.2B 

further suggests a roughly linear relationship between the 3’ PI level and Akt activation. 

 

2.4.3. Akt activation correlates with receptor-mediated recruitment of PI 3-kinase p110α; 

higher levels of PDGF receptor phosphorylation are required to recruit PI 3-kinase p110β 

 We sought to confirm the relationship between PDGF receptor phosphorylation and 

Akt activation using alternative assays, and to further explore the saturation of the pathway at 

the level of PI 3-kinase activation. Lysates of cells stimulated with PDGF-BB for 10 minutes 

were pooled from three days of experiments. As shown in Fig. 2.3A, anti-phosphotyrosine 
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immunoblotting of cell lysate proteins yielded intense bands at just below 200 kDa, attributed 

to the phosphorylation of PDGF β- as well as α-receptors dimerized in the plasma membrane. 

The band intensity is half-maximal at roughly 0.5 nM PDGF-BB, in accord with the ELISA 

measurements (Fig. 2.1). A similar pattern was observed when the same lysate proteins were 

blotted with an antibody recognizing pTyr751 of PDGF β-receptor (residue in the human 

receptor), one of the PI 3-kinase p85 binding sites. Akt activities in the same lysates were 

assessed by immunoblotting with phospho-Akt-specific antibodies. Half-maximal activation 

was observed between 0.1-0.2 nM PDGF-BB, in agreement with our in vitro Akt kinase 

assays. 

 In parallel, the same lysates were subjected to immunoprecipitation with antibodies 

against the p110α or p110β catalytic subunits of PI 3-kinase, and the recovered proteins were 

probed for phosphotyrosine (Fig. 2.3B). Bands corresponding to PDGF receptors were 

readily detected in both cases, presumably reflecting the PDGF receptor-mediated 

recruitment of p85-p110 complexes; however, recruitment of p110α and p110β followed 

markedly different patterns. Whereas p110α recruitment responded to low levels of receptor 

phosphorylation and reached saturation at 0.5 nM PDGF-BB and above, significant p110β 

recruitment required higher receptor phosphorylation levels. To the extent that formation of 

receptor-p85-p110 complexes is indicative of PI 3-kinase activation, these results suggest 

that Akt activation is more sensitive to recruitment of complexes containing p110α. 
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Figure 2.3. Analysis of saturation in the PI 3-kinase/Akt pathway.  Cells were 
stimulated with the indicated concentration of PDGF-BB for 10 minutes and lysed on three 
separate days. The replicate lysates were pooled and subjected to SDS-PAGE and 
immunoblotting. A. Lysate proteins were probed for total phosphotyrosine (pTyr; the PDGF 
receptor band is shown), PDGF β-receptor phosphorylated on one of the two PI 3-kinase p85 
binding sites, or phosphorylated Akt. The latter confirms the saturation with respect to 
receptor phosphorylation indicated in Fig. 2.2B. Lysates were first immunoprecipitated with 
antibodies against PI 3-kinase p110α or p110β. Proteins in the immune complex were probed 
for phosphotyrosine, and the PDGF receptor band is shown. PDGF receptor-mediated 
recruitment of p110α is favored at low concentrations of PDGF, concentrations that yield the 
greatest gains in Akt phosphorylation and activation. 
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2.4.4. The kinetics of Akt deactivation, in relation to changes in the 3’ PI level, reveal the 

influences of 3’ PI turnover and Akt dephosphorylation 

 To address the relative rates of processes that influence the activation and 

deactivation of Akt, 3’ PI generation and Akt activity were measured in separate experiments 

designed to introduce rapid increases and decreases in PI 3-kinase activity. Total internal 

reflection fluorescence microscopy was used to monitor the kinetics of 3’ PI production in 

individual cells transfected with the fluorescent probe GFP-AktPH (38), and Akt activation 

was measured by in vitro kinase assay as in Fig. 2.2. Fig. 2.4A shows the aggregate 3’ PI 

response of individual fibroblasts maximally stimulated with PDGF at 37°C. A peak value is 

achieved in about 5 minutes, after which some cells show a slight decay, consistent with the 

downstream activation of Akt shown in Fig. 2.2A. The same cells were then treated with a 

high dose of wortmannin, which rapidly blocks PI 3-kinase activity and allows the kinetics of 

3’ PI turnover to be assessed in isolation, as shown in Fig. 2.4B; quantitatively similar results 

were achieved using LY294002 instead of wortmannin (results not shown). From the initial 

value at the time of wortmannin addition, the decay in 3’ PI level followed first-order 

kinetics. Fitting the aggregate response in Fig. 2.4B yielded an apparent value of the 3’ PI 

turnover rate constant (0.95 min-1). 

 The time course of Akt activation and deactivation in such experiments is displayed 

in Fig. 2.4C. The data in both the stimulation and inhibition periods exhibited approximately 

the same observed first-order rate constant values (0.55 and 0.56 min-1, respectively), and 

quantitatively similar results were observed using LY294002 instead of wortmannin (data not 

shown). The similarity of these rate constant values is consistent with activation of only a 

small fraction of cellular Akt; if this was incorrect, and the majority of Akt was activated, 
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then the characteristic time required to achieve Akt activation in response to PDGF would be 

significantly shorter than that of Akt deactivation in response to inhibition by wortmannin. 

The value of this rate constant, which reflects both 3’ PI turnover and deactivation of Akt, is 

significantly less than (but within a factor of 2 of) the apparent 3’ PI turnover rate constant 

from Fig. 2.4B, suggesting that 3’ PI turnover and Akt deactivation occur at similar rates. 

 Measurements of PDGF β-receptor phosphorylation from the same lysates, shown in 

Fig. 2.4D, confirm that wortmannin treatment does not adversely affect receptor activation. 

The data are consistent with the corresponding kinetics shown in Fig. 2.1A, and if anything, 

receptor activation as measured by ELISA may transiently increase upon wortmannin 

addition. 
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Figure 2.4. Assessing rate limiting steps in the PI 3-kinase/Akt pathway.  A & B. 
Kinetics of 3’ PI production and consumption. The plasma membrane 3’ PI level was 
monitored in individual NIH 3T3 cells at 37°C using TIRF microscopy, as described under 
Experimental Procedures. In A, cells were maximally stimulated with PDGF-BB at time zero 
(marked by an arrow), and the net fluorescence values thereafter were normalized by the 
time-integrated average for each cell. The symbols are aggregates of responses observed in 
multiple cells (mean ± s.d., n = 6). In B, the same cells were then treated with 5 µM 
wortmannin to rapidly inhibit PI 3-kinase, and the decay in fluorescence was monitored for 
10 minutes. C & D. Akt activation and deactivation kinetics. NIH 3T3 cells were stimulated 
with 3 nM PDGF-BB for the times indicated. For time points greater than 10 minutes, 5 µM 
wortmannin was added after 10 minutes stimulation to rapidly block 3’ PI production. Cell 
lysates were assayed for Akt activity (C) as in Fig. 2.2 and PDGF β-receptor phosphorylation 
(D) as in Fig. 2.1. After subtracting the average signal from lysates of unstimulated cells, 
each data point was normalized by the time-integrated average (up to 10 minutes) measured 
on the same day. The symbols are averages of experiments performed on three different days 
(mean ± s.e.m., n = 3). The solid curves in C are fits to: 0-10 minutes, y(t) = ymax*(1 – e-k1*t); 
10-20 minutes, y(t) = ymax*e-k2*t. The optimal fit was found with k1 = 0.55 min-1 (S.E. = 0.09 
min-1; R2 = 0.97) and k2 = 0.56 min-1 (S.E. = 0.04 min-1; R2 = 0.99). 
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2.4.5. Mathematical modeling reveals important features of the apparent PDGF receptor 

activation mechanism 

 Ordinary differential equations were formulated to simulate the observed kinetics of 

PDGF receptor phosphorylation and activation of Akt (Table 2.1). The utility of kinetic 

modeling is that it may be used to distinguish between candidate molecular mechanisms and 

to synthesize the conclusions derived from the experimental analyses. Starting with a more 

complex model, the goal was to construct a simplified model with the minimum number of 

kinetic parameters required to capture all salient features of our experimental results (the full 

model and its simplification are described in Chapter 3). 

 In the receptor activation portion of our model, PDGF-BB ligand is added at time 

zero to yield a constant extracellular solution concentration [L]. One of two binding surfaces 

of the ligand engages a free surface receptor R to produce a 1:1 complex C1, a requisite first 

step in receptor activation, while the active (phosphorylated) species C2 consists of two 

dimerized receptors. The manner in which this dimerization occurs is the pivotal feature of 

our model, as illustrated in Fig. 2.5. It is generally accepted that one dimeric PDGF is able to 

bridge two PDGF receptor molecules (8,39,40), and thus it is tempting to apply previous 

theoretical models of monovalent receptors engaging a homodimeric ligand (41). In such a 

receptor cross-linking model, C2 is formed from the lateral association of a C1 complex and a 

free receptor R in the plasma membrane (Fig. 2.5A), yielding a number of important 

predictions. Chief among them is that when the ligand concentration is increased such that 

the majority of free binding sites are occupied, dimer formation and therefore PDGF-

mediated signaling is inhibited. However, to our knowledge, this has not been observed for 

PDGF or other ligands that engage receptor tyrosine kinases. PDGF-BB binds to cell 
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membranes and, significantly, immobilized PDGF receptor extracellular domains with an 

observed KD ~ 0.1–1 nM (11,39,42-44), yet inhibition of cell responses at much higher 

concentrations has not been observed. The receptor cross-linking model further predicts that, 

at relatively low ligand concentrations [L], the steady state number of dimerized receptors is 

proportional to [L]; i.e., such a model does not by itself predict positive cooperativity in 

receptor activation. Thus, the model depicted in Fig. 2.5A fails to capture multiple 

characteristics of our pTyr-PDGF receptor data set, and we therefore chose an alternative 

dimerization mechanism. 

 Formation of the dimerized species C2 may instead require the association of two C1 

complexes (Fig. 2.5B). The resulting 2:2 complex may be quite transient, and a transition to a 

stabilized 1:2 ligand-receptor complex may yet occur. In any case, dimer formation is 

reversed by dissociation of one of two ligand-binding surfaces from its associated receptor 

molecule and uncoupling of the dimerization domains. Significantly, dimer formation is not 

inhibited at high PDGF concentration in this model, and positive cooperativity is predicted 

(with an observed Hill coefficient between 1 and 2). To this we added the downregulation of 

active dimers through specific endocytosis (45,46), although it should be noted that other 

desensitization mechanisms could contribute to the rate at which activated receptors are 

consumed. Once internalized, we assume that the receptors are rapidly dephosphorylated, in 

agreement with other recent work using NIH 3T3 cells (47). 
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Table 2.1. Kinetic model equations.  a

PDGF receptor binding, dimerization, 

and endocytosis  b

C1 = [L]R KD,L

d(R + C1)
dt

= 2 k−xC2 − kxC1
2( )

dC2

dt
= kxC1

2 − k−x + ke( )C2

R(0) = R0; C1(0) = C2(0) = 0

 

PI 3-kinase activation (p*), 3’ PI generation 

(x), and Akt activation (a*)  c

p1
* = 2C2 KD,p1 + 2C2( ); p2

* = 2C2 KD,p 2 + 2C2( )
dx
dt

= k3PI p1
* + γp2

* − x( )

da*

dt
= kdeact x − a*( )

x(0) = a*(0) = 0

 

 
a  The derivation of the model equations and their underlying assumptions are 
described in detail in Chapter 3. 
b  PDGF, at concentration [L], binds to a free receptor R to form a 1:1 complex C1; this 
interaction is assumed to be at pseudo-equilibrium, with dissociation constant KD,L. A 
receptor dimer, C2, is formed through the interaction of two C1 (rate constant kx). Dimers 
dissociate either at the cell surface or upon endocytosis (rate constants k-x and ke, 
respectively). Receptor species levels are in units of number/cell, and the initial surface 
receptor expression level is R0. 
c  Two isoforms of PI 3-kinase are activated by PDGF receptor dimers (active fractions 
p1* and p2*); pseudo-equilibrium relations are assumed here. 3’ PI is produced by the PI 
3-kinase activity and is consumed with first-order kinetics (rate constant k3PI); the 
dimensionless variable x is the appropriately scaled 3’ PI level. The rate of Akt activation 
is assumed to be proportional to the 3’ PI level, and Akt is deactivated with first-order 
kinetics (rate constant kdeact). The dimensionless variable a* is the appropriately scaled 
Akt activity. 
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Figure 2.5. Candidate models of PDGF receptor dimerization and comparison with 
experiment.  A. In the receptor cross-linking mechanism, a free receptor (R) is reversibly 
engaged by one of the binding surfaces on PDGF to produce the C1 complex. The remaining 
binding surface of PDGF then recruits another free receptor through lateral association in the 
membrane, producing the active, dimerized complex C2. B. In the alternative mechanism, 
upon which our mathematical model is based, dimerization is mediated by receptor domains 
exposed by ligand binding, which associate and dissociate rapidly. The dissociation of one of 
the ligands from its receptor during this process allows the rapid transition to a stable 
dimerized complex of one ligand and two receptor molecules. Mathematically speaking, it is 
only important that the active C2 species is formed from two C1 complexes. C. Comparison 
of model and experiment. The symbols are from Fig. 2.1A, and the solid curves through the 
data are the best fit of the differential equations listed in Table 2.1, with [L] values specified 
from the experimental PDGF-BB concentrations; the best-fit rate parameters are listed in 
Table 2.2. The model output (2C2/R0; scale indicated on the right side of the plot) was 
multiplied by a constant, which was adjusted along with the rate parameters for alignment 
with the data. 
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 As shown in Fig. 2.5C, a best fit of this model agrees with our pTyr-PDGF receptor 

data set in every respect. The resulting estimates of the rate constants, listed in Table 2.2, are 

reasonable in comparison with other growth factor-receptor systems (41). Their values 

suggest that the dimerized receptor complex is very stable, with an intrinsic lifetime of 

approximately 14 minutes (1/k-x). However, the signal is strongly regulated by endocytosis, 

which apparently reduces the mean lifetime of a dimer at the cell surface to about 4 minutes 

(1/(k-x + ke)). In the absence of endocytosis, the model predicts that steady-state ligand binding 

to the cell surface would be half-maximal at roughly 0.5 nM PDGF-BB, in approximate 

agreement with the aforementioned PDGF-BB binding studies. 

 

 

Table 2.2. Best-fit values of kinetic model parameters. 

Parameter Definition Value 
KD,L PDGF single-site dissociation constant 1.47 nM 
kx Receptor dimerization rate constant (0.290 min-1)/R0

   a

k-x Dimer uncoupling rate constant 0.0703 min-1

ke Dimer internalization rate constant 0.193 min-1

KD,P1 PI 3-kinase-receptor dissociation constant, p110α 0.00711*R0

KD,P2 PI 3-kinase-receptor dissociation constant, p110β 0.40*R0
   b

γ Ratio of p110β/p110α activation, infinite C2 limit 0.67   b

k3PI 3’ PI turnover rate constant 0.95 min-1  c

kdeact Akt deactivation rate constant 1.31 min-1

 

a  This value is 2 orders of magnitude below the diffusion-limited value, assuming a 
receptor expression level R0 ~ 105/cell and a receptor mobility coefficient of ~ 10-10 cm2/s. 
b  The values of these two parameters can be adjusted together to yield a similar fit, 
provided that the value of KD,P2 is sufficiently high. 
c  Value taken from an exponential fit to the data in Fig. 2.4B. 
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2.4.6. Insights from modeling PI 3-kinase/Akt activation 

 In our model, PI 3-kinases are activated through receptor-mediated recruitment to the 

plasma membrane, and the fraction of each PI 3-kinase in this state is termed p*. Two PI 3-

kinase isoforms were included in the model based on the detection of both of the relevant PI 

3-kinases, p110α and p110β, in complex with PDGF receptors (Fig. 2.3B). The number of 

available PI 3-kinase-binding sites is assumed to be proportional to the number of PDGF 

receptors in dimers, and the extent of binding is controlled by the dissociation constant KD,P 

for each isoform. The parameter γ is the ratio of the two isoforms’ PI 3-kinase activities in 

the limit of p1* = p2* = 1. The net increase in the 3’ PI level is scaled to give the 

dimensionless variable x, which is subject to the PI 3-kinase activity and turnover by first 

order reaction. The rate of 3’ PI turnover is determined by the rate constant k3PI, and its value 

was set to 0.95 min-1 from Fig. 2.4B. The PDGF-stimulated increase in activated Akt was 

also scaled appropriately, giving the dimensionless variable a*. The forward rate of Akt 

activation in the simplified model is simply proportional to the 3’ PI level, based on the lack 

of positive cooperativity noted in Fig. 2.2B, and Akt deactivation is modeled as a first-order 

process with rate constant kdeact. 

 The values of the remaining adjustable rate parameters (KD,P1, KD,P2, γ, and kdeact) 

were estimated by fitting the model output to our Akt activation data set (Fig. 2.2A); the best 

fit is displayed in Fig. 2.6A, with parameter values listed in Table 2.2. The parameters are 

such that the two PI 3-kinase isoforms make different contributions to the activation of Akt. 

Our experimental analysis indicated that the saturation in Akt activation (Fig. 2.2B) occurred 

at the level of PI 3-kinase, and this is reflected in the model by the low dissociation constant 

of the first PI 3-kinase isoform, KD,P1. Its value predicts that half-maximal recruitment of this 

 47



isoform occurs when less than 1% of the receptors initially at the cell surface are 

phosphorylated. In contrast, binding of the second isoform is not saturable, such that this 

isoform is only effective at higher concentrations of PDGF. With the binding of the second 

isoform roughly proportional to receptor phosphorylation, the same gain in its lipid kinase 

activity can be produced with various combinations of the parameters KD,P2 and γ. 

Nevertheless, the model fits to the data reproducibly predicted that the second isoform 

contributes a maximum of 20-25% of the total PI 3-kinase activity. Despite the subtle role of 

the second isoform, eliminating it from the model yielded a poorer fit to the data (results 

shown in Chapter 3). These predictions concerning the first and second isoforms are 

consistent with our analysis of the apparent recruitment of PI 3-kinase p110α and p110β, 

respectively. 

 With saturation of PI 3-kinase activation, the kinetics of 3’ PI accumulation at higher 

concentrations of PDGF are controlled by the turnover of 3’ PIs in the membrane (rate 

constant k3PI = 0.95 min-1, from Fig. 2.4B). The kinetics of Akt activation are subject to the 

Akt deactivation process as well as 3’ PI turnover, because the predicted value of kdeact (1.3 

min-1) is similar in magnitude to that of k3PI. This is consistent with our analysis of the Akt 

deactivation kinetics shown in Fig. 2.4C. Indeed, as shown in Fig. 2.6B, good agreement 

between model and experiment was obtained when those kinetics were simulated with the 

parameter values listed in Table 2.2. The time required to deactivate Akt is roughly the sum 

of the mean 3’ PI lifetime (1/k3PI) and the mean lifetime of an active Akt molecule (1/kdeact); 

the inverse of this deactivation time yields an observed rate constant of 0.55 min-1, in close 

agreement with the single exponential fits in Fig. 2.4C. 
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Figure 2.6. Comparison of the Akt activation model with experiment.  The plots in 
A&B are adapted from Fig. 2.2A and Fig. 2.4C, respectively. A. The solid curves through the 
data are the best fit of the differential equations listed in Table 2.1, with 2C2/R0 as a function 
of time from Fig. 2.5C. The best-fit rate parameters are listed in Table 2.2. The model output 
(a*) was multiplied by a scaling constant, which was adjusted along with the rate parameters 
for alignment with the data. B. The solid curve is the model prediction; the only fitted 
parameter here was a scaling constant for alignment with the data. 
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2.5. DISCUSSION 

 Intracellular signal transduction, even through a single receptor, is remarkably 

complex. To quantitatively predict the strength and duration of biochemical signals, under 

normal and perturbed stimulation conditions, it is becoming clear that signaling processes 

need to be described in mathematical terms. Many such models are now appearing, but the 

challenge is that a large set of experimental data is needed to validate them. With validated 

models of signaling pathways, it will be possible to identify the kinetically rate-limiting steps 

and perhaps, through a comparison of competing models, infer aspects of the molecular 

mechanisms involved. 

 Through the measurement and modeling of PDGF receptor phosphorylation, we 

have proposed a mechanism in which receptor dimerization is mediated by the association of 

two 1:1 ligand-receptor complexes. Supporting such a mechanism is the evidence that PDGF-

mediated dimerization of PDGF receptor extracellular domains requires receptor sequences 

that apparently do not contribute to PDGF binding (40,48,49). The proposed mechanism is 

sufficient for positive cooperativity to be observed with respect to PDGF concentration. To 

maintain the degree of cooperativity observed (Hill coefficient of 1.6), we predict that only 

about 40% of the receptors initially at the cell surface are phosphorylated under maximal 

stimulation conditions (Fig. 2.5C). This value is similar in magnitude to previous quantitative 

measurements, using a cell line with a similar number of receptors (46). In light of these 

studies, along with the aforementioned prediction of observed PDGF-BB binding affinity, we 

conclude that our interpretation of PDGF/PDGF receptor dynamics is conceptually and 

quantitatively consistent with previous findings. 
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 Yet another mechanism that can produce the degree of positive cooperativity 

observed is the presence of preassembled receptor dimers or oligomers, to which two ligand 

molecules must bind in sequence to activate the complex for signaling. Evidence for 

preassembled PDGF receptor oligomers on cells has indeed been reported (50), and therefore 

we have formulated and analyzed mathematical models of this mechanism as well. When 

such models were fit to our data set, the level of agreement approached (but did not match) 

that of the model in Table 2.1 (results shown in Chapter 3). 

 With an adequate model of PDGF receptor phosphorylation, we wished to describe 

the kinetics of PI 3-kinase/Akt activation. Compared with the PDGF receptor 

phosphorylation response, 3’ PI production and Akt activation responded to lower PDGF 

concentrations and were more sustained at higher concentrations of PDGF. Sustained 

activation of the PI 3-kinase/Akt pathway may be important for cell function, e.g. protection 

from programmed cell death, and indeed the timing of PDGF-stimulated PI 3-kinase 

activation has previously been implicated in the control of different cell responses (37). The 

kinetics of Akt activation relative to PDGF receptor phosphorylation are completely 

consistent with saturation at the level of PI 3-kinase activation. Previous models have also 

been used to conclude that saturation in signaling can produce sustained responses even when 

the input is transient (51,52). Together with positive cooperativity introduced at the level of 

PDGF receptor dimerization (Fig. 2.1B), this produces a switch-like Akt activation response 

with respect to PDGF concentration, with kinetics largely governed by the rate of 3’ PI 

turnover. Another possible mechanism that can yield a sustained response is the continuation 

of signaling in endosomes (52,53), but we argue that this is not the case here. Production of 

3’ PIs is only stimulated at the plasma membrane (54-56), and certainly we only imaged 

 51



them in that location. It may be argued that PI 3-kinase molecules activated by internalized 

receptors could phosphorylate PtdIns(4,5)P2 at the plasma membrane; however, such a global 

mechanism would discount the effect of induced proximity in PI 3-kinase action, and more 

importantly it would ignore the fact that 3’ PI production is spatially localized in cells 

exposed to gradients of PDGF and other chemoattractants (38,57). 

 The lack of cooperativity in the relationship between PDGF receptor 

phosphorylation and Akt activation suggested a linear relationship between the level of 3’ PIs 

and the rate of Akt phosphorylation, and our modeling results were consistent with this view. 

Given that Akt phosphorylation involves multiple, 3’ PI-dependent steps, we speculate that 

not all of these steps exhibit sensitivity to the 3’ PI level. Membrane translocation of Akt 

through its PH domain is known to be sensitive to changes in the 3’ PI level (31,34,38,58), 

and so our results suggest that low levels of 3’ PIs may be sufficient to maximally recruit the 

enzymes that phosphorylate Akt. Such a permissive role is in accord with a previous study on 

the localization of PDK-1 (59). 

 In formulating our mathematical model, great care was taken to minimize the 

number of adjustable parameters to the extent that the agreement with experiment would not 

suffer. Thus, the model is a “coarse-grained” framework, by necessity a gross simplification 

of the real system. For example, the sensitivity of 3’ PI generation to the level of 

PtdIns(4,5)P2 is not considered. This seems justified because PtdIns(4,5)P2 levels typically 

decrease only modestly if at all in response to PDGF stimulation (60), and it is not known if 

the local concentrations of PtdIns(4,5)P2 in the plasma membrane are in the linear range of 

the PI 3-kinase enzyme. Another notable simplification is the omission of post-endocytic 

receptor trafficking; this is justified for a 20 minute time course, but receptor recycling and 
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degradation would need to be accounted for at later times. Finally, it is acknowledged that 

KD,P1 and KD,P2, the PI 3-kinase dissociation constants, are undoubtedly lumped parameters. 

They reflect not only the direct interaction of PI 3-kinase regulatory subunits with 

phosphorylated PDGF receptors, but also the roles of multiple adaptor proteins such as Grb2 

and Gab1/2 and assistance from Ras-GTP, which engages PI 3-kinase catalytic subunits (61). 

 While many simplifications and assumptions were tolerated in our model, the 

inclusion of two PI 3-kinase isoforms was necessary to give the best agreement with 

experiment. Activation of one isoform was saturated at higher PDGF concentrations and 

yielded most of the 3’ PI produced in the model; the second isoform was predicted to 

contribute a maximum of 20-25% of the PI 3-kinase activity. The predicted influences of the 

two isoforms are consistent with our analysis of PI 3-kinase p110α and p110β recruitment, in 

which recruitment of only one of the isoforms, p110α, was found to correlate strongly with 

Akt activation. This finding is consistent with previous studies, in which p110α but not 

p110β was required for PDGF-stimulated cell responses, whereas the isoform specificity was 

reversed for insulin stimulation in the same cells (62,63). It was also previously established 

that PDGF stimulation significantly increases the PI 3-kinase activity of the p110α isoform 

in fibroblasts (64). The extreme differences predicted in both the recruitment and activation 

of the two PI 3-kinase isoforms are consistent with differential regulation of p110α and 

p110β, perhaps through differences in their interactions with p85 subunit isoforms and/or 

Ras-GTP (61). 

 Progress in the area of cellular modeling will come with the expansion, refinement, 

and integration of models such as the one formulated here, accommodating more complex 

interactions to make the models more predictive. To do this in a manner that is fully validated 
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by experiment, it is clear that we must not only make quantitative measurements of the key 

signaling intermediates, but also reproducibly manipulate the levels and/or activities of the 

molecules involved. 
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Chapter 3 

Mathematical modeling of Platelet-derived Growth Factor Receptor/ 

Phosphoinositide 3-kinase/Akt Signaling pathway 

 

Adapted from Park et al., J. Biol. Chem., 278: 37064-37072 (2003); supplemental material. 

 

3.1. ABSTRACT 

 The activation mechanism and kinetics of the PDGF receptor/PI 3-kinase/Akt 

pathway were discussed in the previous chapter. This information was used to develop 

candidate mathematical models suitable for direct comparison with our data sets. At the level 

of receptor phosphorylation, a model based on the association of 1:1 ligand-receptor 

complexes was found to give the best agreement with the data without the need for including 

additional, rate-limiting processes. Akt activation is saturated with respect to receptor 

phosphorylation, and this saturation occurs at the level of PI 3-kinase. In our model, 

phosphorylated receptors recruit two isoforms of PI 3-kinase catalytic subunits, p110α and 

p110β, but p110α contributes most of downstream signaling. In the model fits to the Akt 

activation data set, the p110β isoform contributes maximally 20 ~ 25% of the total PI 3-

kinase activity. However, taking out the second isoform altogether yielded a slightly poorer 

fit to the data. Although multiple, 3’ PI-dependent steps are involved in the activation of Akt, 

the comparison between model and experiment suggests that only one of these steps is 

sensitive to changed in 3’ PI level. This is consistent with studies showing that only Akt 

recruitment is responsive to receptor-stimulated increases in 3’ PI, while basal 3’ PI levels 

are apparently sufficient for PDK-1/2-mediated Akt phosphorylation.
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3.2. MATHEMATICAL MODEL OF PDGF RECEPTOR ACTIVATION 

 

3.2.1. Derivation of model equations describing PDGF binding, dimerization, and 

endocytosis and their simplification 

 In the model presented in Table 2.1, it is assumed that the step in which the active 

dimer, C2, is formed follows a second-order rate law (kxC1
2). This rate law accommodates 

two different dimerization mechanisms. First, two 1:1 ligand-receptor complexes may simply 

associate to form a stable 2:2 complex that is active for signaling; however, the literature on 

PDGF/PDGF receptor interactions does not support such a mechanism. Alternatively, the rate 

constant kx may encompass multiple steps: rapidly reversible formation of a 2:2 complex, 

dissociation of one ligand molecule, and formation of a stable 1:2 ligand-receptor complex 

that is active for signaling. As discussed in Chapter 2, the formation of a 1:2 complex is 

supported by biochemical studies (1-3), as is the influence of a receptor ‘dimerization 

domain’ that is not involved in the PDGF interaction (3-5). Starting with a model that 

includes all elementary rate steps involved in the reversible formation of such a stable 

complex, we wish to derive the simplified model presented in Table 2.1 and clearly state the 

underlying assumptions. 

 The elementary rate steps, and their associated rate constants, are depicted in Fig. 3.1. 

In addition to the free, unbound receptor (R), the 1:1 complex (C1) and the stable 1:2 

complex (C2), three other species appear. These include a 2:2 complex (C2:2) formed by the 

association of extracellular domains favorably oriented through ligation of the receptors, an 

unstable 1:2 complex (C2*) formed by dissociation of one of the two ligands from the 2:2 

complex, and a 0:2 complex (C0:2) that could potentially form by dissociation of the ligand 
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from C2*. The complex assumed to be competent for signaling, C2, is formed by the intra-

complex bridging of the ligand molecule in C2* with the free receptor, and it is implicitly 

assumed that intracellular trans-phosphorylation of the receptors is instantaneously activated 

and deactivated upon formation and uncoupling of C2. 

 

 

 

 
 

Figure 3.1. Complete model of PDGF receptor dimerization and activation. 
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Proceeding with mass action conservation equations, where t is time and [L] is the free 

concentration of the ligand, PDGF-BB, 

  dR
dt

= krC1 − k f [L]R + k– (C2
* + 2C0:2)    (3.1) 

  dC1

dt
= k f [L]R − krC1 − 2k+C1

2 + k– (C2
* + 2C2:2)    (3.2) 

  dC2:2

dt
= k+C1

2 + k f [L]C2
* − (2kr + k– )C2:2    (3.3) 

  dC2
*

dt
= 2kr(C2:2 + C2) + k f [L]C0:2 − (kr + k f [L]+ k– + kintra )C2

*  (3.4) 

  dC0:2

dt
= krC2

* − (k f [L]+ k– )C0:2      (3.5) 

  dC2

dt
= kintraC2

* − (2kr + ke )C2     (3.6) 

 We invoke the assumption that the C2:2, C2*, and C0:2 intermediates rapidly transition 

to form other species. For this to be true, a sufficient condition would be that the ligand-

receptor interaction is more stable than the receptor-receptor interaction. This assumption is 

equivalent to the pseudo-steady state approximation, i.e., 

  dC2:2

dt
≈

dC2
*

dt
≈

dC0:2

dt
≈ 0      (3.7) 

Simplifying Equations 3.3-3.5, one thus obtains 

  C2
* ≈

2krk+

2kr + k–

C1
2 + 2krC2

k–kr

k f [L]+ k–

+
k–k f [L]
2kr + k–

+ k– + kintra

    (3.8) 
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Expressions for C2:2 and C0:2 are similarly derived. If the receptor-receptor interaction is 

unstable as assumed previously, we can further assume that k– is much greater than both kr 

and kf[L]. Simplifying Equation 3.8, 

  C2
* ≈

2krk+

k–

C1
2 + 2krC2

k– + kintra

      (3.9) 

Substituting C2* from Equation 3.9 into Equation 3.6, 

  dC2

dt
=

2kr

k–

kintra

k– + kintra

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ k+C1

2 −
2krk–

k– + kintra

+ ke

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ C2    (3.10) 

Comparing Equation 3.10 to the C2 balance in Table 2.1, it follows that 

  kx ≡
2kr

k–

kintra

k– + kintra

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ k+; k−x ≡

2krk–

k– + kintra

    (3.11) 

Equations 3.1-3.6 are thus reduced to 

  dR
dt

= krC1 − k f [L]R + k−xC2 +
k–

kintra

kxC1
2     (3.12) 

  dC1

dt
= k f [L]R − krC1 − 2 +

k−

kintra

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ kxC1

2 + k−xC2    (3.13) 

  dC2

dt
= kxC1

2 − (k−x + ke )C2      (3.14) 

The (k–/kintra)kxC1
2 term arises from the possibility that, during the dimerization process, the 

unstable C2* complex might dissociate into R and C1 rather than form C2, leading to a net 

production of R at the expense of C1. Our final assumption, then, is that the probability of 

this occurring is very low; i.e., dimerization is designed to be efficient once the C2* complex 
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has been formed, or kintra >> k–. This inequality does not contradict the previous assumption 

that k– is much greater than kf[L], because the effective concentration of the bound ligand 

within the C2* complex would be extremely high (~ 10 mM based on a conservative 

sampling radius of 3 nm), and the ligand may be favorably oriented to achieve an even higher 

intra-complex bridging rate. Finally, we obtain 

 

  dR
dt

= krC1 − k f [L]R + k−xC2     (3.15) 

  dC1

dt
= k f [L]R − krC1 − 2kxC1

2 + k−xC2    (3.16) 

  dC2

dt
= kxC1

2 − (k−x + ke )C2      (3.17) 

Note that our last assumption also implies, from Equation 3.11, that 

  k−x << kr       (3.18) 

This inequality will be revisited in a moment. 

 The simplified receptor model given by Equations 3.15-3.17 were integrated as 

described in Chapter 2, with the initial conditions R(0) = R0, C1(0) = C2(0) = 0 and [L] 

stepped to a constant value at time zero. When the values of the rate constants were 

optimized to best align the simulated output C2(t) with the PDGF receptor phosphorylation 

data (Fig. 2.1), the fitting algorithm forced kf and kr to arbitrarily high values; constraining 

either kf or kr to lower values invariably led to a poorer fit. In all such fits, however, the same 

ratio of the two rate constants (kr/kf) was maintained. Thus, the best-fit parameter values were 

such that, on the time scale of dimer formation and uncoupling, ligand rapidly equilibrates 
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with free receptors. This view is consistent with the inequality given in Equation 3.18. Hence, 

to reduce the number of adjustable rate parameters even further, an equilibrium relationship 

was imposed: 

  C1(t) =
[L]

KD,L

R(t); KD,L ≡
kr

k f

     (3.19) 

The conservation of the sum (R + C1) is given by summing Equations 3.15 & 3.16 (or, 

incidentally, Equations 3.12 & 3.13) to complete the simplified receptor model given in 

Table 2.1. 

 

3.2.2. Comparison of our receptor model with the preexisting dimer hypothesis 

 Another possible PDGF receptor activation mechanism involves the presence of 

preexisting receptor dimers, or perhaps tetramers, capable of binding two molecules of PDGF 

(6). Positive cooperativity is introduced if only the complex containing two PDGF molecules 

is competent for signaling. Defining R, C1, and C2 to be the preformed oligomers bound to 0, 

1, and 2 ligand molecules, respectively, and allowing the first and second ligand to bind with 

different kinetics, an appropriate kinetic model is 

  dR
dt

= kr,1C1 − k f ,1[L]R       (3.20) 

  dC1

dt
= k f ,1[L]R − kr,1C1 − k f ,2[L]C1 + kr,2C2    (3.21) 

  dC2

dt
= k f ,2[L]C1 − kr,2 + ke( C2)      (3.22) 

The best fit of Equations 3.20-3.22 to our receptor phosphorylation data set is shown in Fig. 

3.2A, with the following values: kf,1 = 0.399 nM-1min-1, kr,1 = 0.851 min-1, kf,2 = 1.80 nM-
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1min-1, kr,2 = 0.390 min-1, and ke = 0.102 min-1. Compared with the model used in the paper, 

this fit performed equally well in matching the kinetics at low concentrations of PDGF, and 

the correct degree of positive cooperativity is predicted. However, it did a poorer job 

predicting the kinetics at the higher PDGF concentrations. It was reasoned that the model 

would more closely match the data if the transition from C2 to the active phosphorylated 

receptor species (termed Cp) was explicitly included as a potentially rate-limiting step. 

Equations 3.21 & 3.22 are thus replaced with 

  dC1

dt
= k f ,1[L]R − kr,1C1 − k f ,2[L]C1 + kr,2 C2 + Cp( )   (3.23) 

  dC2

dt
= k f ,2[L]C1 − kr,2 + kp( C2)      (3.24) 

  
dCp

dt
= kpC2 − kr,2 + ke( Cp)      (3.25) 

The best fit of Equations 3.20 & 3.23-3.25 to our receptor phosphorylation data set is shown 

in Fig. 3.2B, with the following values: kf,1 = 5.08 nM-1min-1, kr,1 = 3.47 min-1, kf,2 =  

0.611 nM-1min-1, kr,2 = 0.301 min-1, ke = 0.198 min-1, and kp = 0.545 min-1 (the high values of 

kf,1 and kr,1 suggest that Equation 3.20 could be replaced with the pseudo-equilibrium 

relationship in Equation 3.19, with KD,L = 0.68 nM). A testable prediction of this fit is that 

phosphorylation of a receptor complex, in the context of the preformed dimer model, requires 

nearly two minutes (1/kp) on average. Even with this step included, the quality of the fit did 

not quite match that of the model used in the paper. The average deviations in Fig. 3.2A&B 

are 0.0551 and 0.0349, respectively, compared with 0.0316 for the receptor phosphorylation 

model in Table 2.1. 
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Figure 3.2. Fits of the preformed dimmer model to the receptor phosphorylation data 
set, (A) assuming rapid phosphorylation, or (B) with phosphorylation modeled explicitly. 
 

 

 

3.3. MATHEMATICAL MODEL OF PI 3-KINASE/AKT ACTIVATION 

 

3.3.1. Derivation of model equations describing PI 3-kinase activation, 3’ phosphoinositide 

production, and Akt activation 

 Our starting model of PI 3-kinase activation and the resulting increase in 3’ 

phosphoinositide (PI) production is illustrated in Fig. 3.3, indicating the processes considered 

and their associated rate parameters. Cytosolic PI 3-kinase p85-p110 complexes, of which 

two isoforms were considered (P1 and P2), bind to phosphorylated receptors (C2) to form 

activated PI 3-kinases (P1* and P2*). Each dimerized receptor contains two receptors that 

may participate in this interaction. The total amount of each PI 3-kinase is assumed to be 

conserved, such that with P1,Tot and P2,Tot constant, 
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  P1 + P1
* = P1,Tot ; P2 + P2

* = P2,Tot      (3.26) 

Appropriate mass action balances follow for PI 3-kinase activation: 

  dP1
*

dt
= kon,P1 2C2 − P1

* − P2
*( ) P1,Tot − P1

*( )− koff ,P1P1
*   (3.27) 

  dP2
*

dt
= kon,P 2 2C2 − P1

* − P2
*( ) P2,Tot − P2

*( )− koff ,P 2P2
*   (3.28). 

The initial conditions, prior to cell stimulation, are P1*(0) = P2*(0) = 0. 

 

 

 

 
Figure 3.3. Model of PI 3-kinase activation and 3’ PI production. 
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 The activation of PI 3-kinases results in increased 3’ PI production. In our model, the 

specific enzymatic activities of the four PI 3-kinase states, P1, P2, P1*, and P2*, are v1, v2, v1*, 

and v2*, respectively. We implicitly assume here that either the concentration of the substrate, 

PtdIns(4,5)P2, is approximately constant or the enzymatic rate is not sensitive to the 

PtdIns(4,5)P2 level. Consumption of 3’ PIs occurs by first-order reaction, with rate constant 

k3PI. Our balance on the 3’ PI density, termed X, is thus 

  dX
dt

= v1P1 + v2P2 + v1
*P1

* + v2
*P2

* − k3PI X     (3.29) 

The initial condition is determined by the cytosolic PI 3-kinase activities: 

  X(0) ≡ X0 =
v1P1,Tot + v2P2,Tot

k3PI

     (3.30) 

Then, in terms of the difference variable, X – X0, and incorporating Equation 3.26, 

  d(X − X0)
dt

= (v1
* − v1)P1

* + (v2
* − v2)P2

* − k3PI (X − X0)   (3.31) 

To significantly reduce the number of adjustable parameters in the model, we introduce the 

following scaled variables and parameters: 

  

p1
* ≡

P1
*

P1,Tot

; p2
* ≡

P2
*

P2,Tot

; x ≡
k3PI X − X0( )
v1

* − v1( )P1,Tot

;

γ ≡
v2

* − v2( )P2,Tot

v1
* − v1( )P1,Tot

   (3.32) 

With these substitutions, we get the final differential equation for 3’ PI production: 

  dx
dt

= k3PI p1
* + γp2

* − x( ); x(0) = 0    (3.33) 
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 The activation of Akt is thought to require a series of three 3’ PI-dependent steps: 

Akt translocation to the plasma membrane, and phosphorylation on Thr308 and Ser473. In 

our Akt activation model, depicted in Fig. 3.4, we simplify the system by lumping the two 

phosphorylation steps into one. Cytosolic Akt, Ac, binds to 3’PIs to give membrane-

associated Am; likewise, the PDK-1/2 enzymes, Ec, bind to 3’ PIs to give Em. Akt is 

phosphorylated through a bimolecular interaction between Em and Am, producing Am*, which 

can then dissociate from the membrane to give Ac*. Am* and Ac*, the active forms of Akt, 

are assumed to be deactivated at the same rate, with first order rate constant kdeact. 

 

 

 

 
Figure 3.4. Model of Akt activation. 
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The appropriate balance on active Akt is 

  
d Am

* + Ac
*( )

dt
= kphosEm Am − kdeact Am

* + Ac
*( )    (3.34) 

Two assumptions are made regarding protein binding to 3’ PIs. The first is that on the time 

scale of the experiments, binding rapidly responds to changes in the 3’ PI level, X. The 

second is that free 3’ PIs are in vast excess over 3’ PI-protein complexes. Thus, one obtains 

the following pseudo-equilibrium relationships: 

  Am =
XAc

KD,A

; Am
* =

XAc
*

KD,A

; Em =
XEc

KD,E

    (3.35) 

Finally, it is assumed that the total amounts of Akt and PDK-1/2 are conserved, with constant 

ATot and ETot: 

  Ac + Am + Ac
* + Am

* = ATot; Ec + Em = ETot    (3.36) 

Defining A* to be the sum of Am* and Ac*, the total amount of active Akt, incorporating 

Equations 3.35-3.36 into 3.34 is 

  dA*

dt
= kphosETot

X
KD,E + X

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

X
KD,A + X

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ATot − A*( )− kdeact A*  (3.37) 

The initial condition for Equation 3.37 is given by the steady state value of A* with X = X0 

(Equation 3.30). To summarize, the base model of PI 3-kinase activation and 3’ PI 

production consists of Equations 3.27, 3.28, 3.33, & 3.37. 
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3.3.2. Justification for a simplified PI 3-kinase/Akt model 

 The ultimate output of these equations, A* or some scaled version thereof, was 

aligned with the Akt activation data shown in Fig. 2.2A by adjusting the rate parameter 

values to minimize the absolute deviation. In these fits, the algorithm forced koff,P1 to 

arbitrarily high values (e.g., 6 min-1), but it always maintained a similar value of the ratio 

koff,P1/kon,P1; this value was predictably quite low relative to the maximum value of 2C2, thus 

producing the saturation in the activation of Akt at higher C2. Decreasing the value of koff,P1 

produces more of a lag in Akt activation and, given the kinetics of receptor phosphorylation, 

more deviation from the experimental data. This was also true for the second PI 3-kinase 

isoform, P2, except that koff,P2/kon,P2 had to be of similar magnitude to or greater than the 

maximum value of 2C2, such that the impact of the second isoform was only significant at the 

higher concentrations of PDGF. It was reasoned that pseudo-equilibrium between active 

receptors and the PI 3-kinases could be assumed, and so Equations 3.27 & 3.28 were 

replaced with 

  P1
* =

2C2 − P1
* − P2

*( ) P1,Tot − P1
*( )

KD,P1

; KD,P1 ≡
koff ,P1

kon,P1

   (3.38) 

  P2
* =

2C2 − P1
* − P2

*( ) P2,Tot − P2
*( )

KD,P 2

; KD,P 2 ≡
koff ,P 2

kon,P 2

   (3.39) 

In addition, the aforementioned model fits forced P1,Tot to arbitrarily low values. Taken 

together, the algorithm invariably forced the parameters such that P1* and P2* were less than 

even the lower values of 2C2, suggesting that Equations 3.38 & 3.39 could be simplified even 

further; with p1* and p2* defined as in Equation 3.32, 

 74



  p1
* =

2C2

KD,P1 + 2C2

; p2
* =

2C2

KD,P 2 + 2C2

    (3.40) 

This is the version that appears in Table 2.1. These simplifications to our PI 3-kinase model 

reduced the number of adjustable parameters, yet the resulting model still yielded the best fit 

to our data set. Equation 3.40 is also appealing because it eases the strict assumptions that the 

two PI 3-kinase isoforms must associate with receptors directly and in a competitive fashion. 

 Simplifications were also made at the level of Akt activation. Equation 37 predicts a 

potentially nonlinear relationship between the 3’ PI level, X, and the rate of Akt activation. 

However, our analysis of measurements in NIH 3T3 cells suggested a linear relationship. 

Based on the literature and our own experience, the 3’ PI-mediated translocation of Akt is 

sensitive to changes in the 3’ PI level (7,8). Thus, a simplified version of Equation 37 can be 

derived by assuming that KD,A is large relative to the maximum value of X, and in turn that X 

is generally high relative to KD,E; i.e., 3’ PIs directly control the level of Akt recruitment but 

play a permissive role in the recruitment of PDK-1/2: 

  dA*

dt
≈

kphosETot

KD,A

X ATot − A*( )− kdeact A*    (3.41) 

The similarity of observed rate constants in Fig. 2.4C suggested that only a small fraction of 

cellular Akt is activated under maximal stimulation conditions. Assuming then that A* << 

ATot, 

  dA*

dt
≈

kphosETot ATot

KD,A

X − kdeact A*      (3.42) 

The initial condition is set by the basal 3’ PI level, X0 (Equation 3.30), 
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  A*(0) ≡ A0
* =

kphosETot ATot

kdeactKD,A

X0      (3.43) 

The final equation utilizes the scaled variable a* to reduce the number of parameters: 

  a* ≡
kdeact

kphosETot

k3PIKD,A

v1
* − v1( )P1,Tot

A* − A0
*( )

ATot

    (3.44) 

Along with the definition of x from Equation 3.32, this yields the simple differential equation 

given in Table 2.1: 

  da*

dt
= kdeact x − a*( ); a*(0) = 0     (3.45) 

It was confirmed that Equation 3.45, compared with Equations 3.37 & 3.41, yielded an 

equally good fit to our data set. 

 As discussed in Chapter 2, one simplification that resulted in a slightly poorer fit to 

the data was the elimination of the second PI 3-kinase isoform (with γ = 0). As shown in Fig. 

3.5, a side-by-side comparison of the model fits with one or two isoforms included, the 

difference is subtle. This was expected because the second isoform was predicted to play a 

minor role in the context of our model. It must be acknowledged here that the Akt activity 

assay, while reasonably quantitative, shows more variability than our PDGF β-receptor 

phosphorylation assay, such that subtle differences can be difficult to evaluate. Nevertheless, 

including the second isoform reduced the absolute deviation between model and experiment 

by 25%. The best-fit Akt parameters for the two cases are listed in Table 3.1. 
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Figure 3.5. Comparison of Akt model fits with one and two PI 3-kinase isoforms. 

 

 

Table 3.1. Best fit Akt parameter values including one or two PI 3-kinase isoforms. 
 

 One isoform Two isoforms 
KD,P1 0.0135*R0 0.00711*R0

KD,P2 — 0.4*R0

γ — 0.67 
kdeact 1.27 min-1 1.31 min-1

Mean absolute deviation 0.0727 0.0637 
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Chapter 4 

Quantitative model of Ras/phosphoinositide 3-kinase signaling crosstalk 

based on cooperative molecular assembly 

Adapted from Park et al., submitted manuscript. 

 

4.1. ABSTRACT 

 In growth factor-stimulated signal transduction, cell surface receptors recruit 

phosphoinositide (PI) 3-kinases and Ras-specific guanine nucleotide exchange factors 

(GEFs) to the plasma membrane, where they produce 3’-phosphorylated PI lipids and Ras-

GTP, respectively. As a direct example of pathway networking, Ras-GTP also recruits and 

activates PI 3-kinases. To refine the mechanism of Ras/PI 3-kinase crosstalk and analyze its 

quantitative implications, we devised a simple mathematical model describing the assembly 

of complexes involving receptors, PI 3-kinase, and Ras-GTP. Experiments with platelet-

derived growth factor-stimulated fibroblasts revealed that Ras effectively enhances the 

affinity of PI 3-kinase for receptors; in the context of the model, this can only occur when a 

ternary receptor/PI 3-kinase/Ras complex forms in two steps, with the second step greatly 

enhanced through membrane localization and possibly allosteric effects. The apparent 

contribution of Ras to PI 3-kinase activation depends strongly on the quantities and binding 

affinities of the interacting molecules, which vary across different cell types and stimuli, and 

thus the model could be used to predict conditions under which PI 3-kinase signaling is 

sensitive to interventions targeting Ras. Cooperative assembly of signaling complexes, 

influenced by the dynamics of plasma membrane-associated molecules, is emerging as a 

common mechanism in signal transduction.
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4.2. INTRODUCTION 

 Phosphoinositide (PI) 3-kinase and Ras are pivotal players in signal transduction 

pathways that coordinate proliferation, survival, and migration in normal and transformed 

cells. PI 3-kinases are composed of regulatory and catalytic subunits and phosphorylate 

phosphatidylinositol lipids on the D-3 position, producing specific lipid second messengers 

in cell membranes that recruit and facilitate activation of signaling proteins containing 

pleckstrin homology and other modular domains (1-4). Receptor tyrosine kinases and other 

tyrosine-phosphorylated proteins maximally activate type I PI 3-kinases by engaging the Src 

homology 2 domains of the regulatory subunit, relieving inhibition of the catalytic subunit 

and localizing it in proximity to its plasma membrane substrate, phosphatidylinositol (4,5)-

bisphosphate (5-7). Platelet-derived growth factor (PDGF) receptors, with two closely spaced 

PI 3-kinase binding sites, bind with particularly high affinity in vitro (KD ~ 1 nM or less) (8-

11) and strongly activate PI 3-kinase activity in cells (12-14). Receptors also enhance 

signaling through Ras proteins, small, membrane-anchored GTPases that cycle between 

GDP- and GTP-bound states, by promoting Ras guanine nucleotide exchange factor (GEF) 

activity and hence an increase in the level of Ras-GTP. It is in this state that Ras binds to the 

serine-threonine kinase Raf, initiating a well-known kinase cascade that results in the 

activation of extracellular signal regulated kinase (Erk). The direct interaction between Ras 

and Raf, two known proto-oncogenes, was a major discovery in the delineation of a growth 

factor-stimulated cell proliferation pathway (15). 

 The finding that PI 3-kinases are also Ras effectors (16) was perhaps the most 

dramatic evidence that signaling pathways are highly interconnected, rather than linear and 

independent. Such crosstalk interactions offer multiple avenues for activating and regulating 
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signaling enzymes, which can be thought of as nodes in a large cell regulatory network 

(17,18). Like phosphorylated PDGF receptors, Ras-GTP binds directly to PI 3-kinase and 

enhances its enzymatic activity in vitro; in contrast however, Ras-GTP engages the catalytic 

subunit, and with somewhat lower affinity (KD ~ 100 nM) (16,19). Oncogenic (G12V) Ras is 

constitutively GTP-bound and significantly activates PI 3-kinase in cells (7,16,19), 

suggesting that the interaction is sufficient for the activation and membrane localization of PI 

3-kinase. However, Ras is not universally required for PI 3-kinase activation. Dominant-

negative (S17N) Ras blocks receptor-mediated modulation of endogenous Ras-GTP, and the 

resulting effects on growth factor-stimulated PI 3-kinase activation range from partial 

inhibition (16,20) to no inhibition (7). 

 These studies indicate that there are two productive routes for PI 3-kinase 

recruitment: binding of the regulatory domain to tyrosine-phosphorylated receptors/adaptor 

proteins, and binding of the catalytic domain to Ras-GTP. However, in a given cell type 

under various stimulation conditions, the extents to which the two interactions contribute to 

PI 3-kinase activation are difficult to parse out. Another unresolved question is whether the 

two routes are independent or instead lead to the assembly of a stabilized ternary (receptor/PI 

3-kinase/Ras) complex. In the latter case, one would further expect the membrane 

localization of both receptors and Ras to enhance the second step in the ternary complex 

assembly, i.e., the process would exhibit positive cooperativity. To address these quantitative 

issues, we offer a simple mathematical model of PI 3-kinase recruitment and activation. 

Analysis of the model suggested that the nature of the aforementioned cooperativity could be 

ascertained in a straightforward way from quantitative measurements, and we proceeded to 

perform such experiments for the PDGF receptor system. We report that our results are only 
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consistent with the model when ternary complex assembly occurs, with positive cooperativity 

as described above. 
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4.3. MATERIALS AND METHODS 

 
4.3.1. Reagents 

 All tissue culture reagents were from Invitrogen. Human recombinant and 125I-

labelled human PDGF-BB were from Peprotech and Amersham, respectively. Antibodies 

against Ras (Y13-259, agarose-conjugated), Akt-1/2 N terminus, and Erk-1 C terminus were 

from Santa Cruz Biotechnology. Antibodies against Akt pSer473 and Erk pThr202/pTyr204 

were from Cell Signaling Technologies. All other reagents were from Sigma. 

 

4.3.2 Plasmids and Retroviral Infection 

 Construction of the ∆C1 vector harboring G12V H-Ras was described previously 

(21), and other ∆C1-H-Ras constructs were prepared by the same methods. These were used 

in transient transfection experiments and as PCR templates for cloning into the Not I/BamH I 

sites of the retroviral vector pBM-IRES-Puro, a kind gift from Drs. Steven Wiley and Lee 

Opresko (Pacific Northwest National Labs). All constructs were confirmed by DNA 

sequencing. Packaging cells were transfected by calcium phosphate precipitation for 4 hours 

with 15 µg pBM-IRES-Puro construct per 100 mm plate. After replacing the medium, viral 

supernatants were collected at 24, 28 and 32 hrs after transfection, filtered, supplemented 

with 5 µg/ml polybrene, and used for triple infection of NIH 3T3 fibroblasts. These cells 

were plated at 2x105 per 60 mm dish 24 hours before infection. This procedure yielded > 

80% infection efficiency, as judged by control infections with pBM-IRES-EGFP. 24 hrs after 

the last infection, viral supernatants were removed, and target cells were incubated with 

growth medium containing 2 µg/ml puromycin and selected for two days. 
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4.3.3. Cell Culture, Lysate Preparation, and Biochemical Assays 

 NIH 3T3 fibroblasts (American Type Culture Collection) and variant cell lines were 

cultured at 37°C, 5% CO2 in Dulbecco’s Modified Eagle Medium supplemented with 10% 

fetal bovine serum, 2 mM L-glutamine, and the antibiotics penicillin and streptomycin. Ras 

expression was maintained under puromycin selection and was stable for at least 5 passages. 

Cells were serum-starved for 4 hours prior to PDGF stimulation. Detergent lysates were 

prepared for quantitative immunoblotting, and immunoblots were performed, as described 

previously (22). Total protein concentrations were determined using the Micro BCA kit 

(Pierce). 

 To determine the amounts of Ras-bound GTP, the coupled nucleoside diphosphate 

kinase (NDPK)/luciferase assay of Boss and colleagues (23) was performed essentially as 

described (24). A significant reduction in background was gained by preparing an 

exhaustively dialyzed NDPK stock. This allowed us to preincubate 50 µl of GTP/GDP 

sample with 50 µl ATP Assay Mix (FL-AAM, Sigma), supplemented with 100 nM purified 

ADP, in order to deplete any remaining ATP contamination in the sample or ADP stock. To 

this, 50 mU of the NDPK was added to initiate the reaction, and light production was 

integrated over 10 minutes in a 96-well plate-reading luminometer (Perkin Elmer). 

 

4.3.4. PDGF Receptor Binding Experiments and Comparison with a Kinetic Model 

Cells were plated in 35 mm plates, serum-starved for 4 hours, then incubated with 125I-

PDGF for 5 minutes at 37°C. To determine total cell-associated radioactivity, cells were 

rapidly washed 6 times with ice-cold PBS then lysed in 1 M NaOH. In some experiments, 

surface-bound and internalized 125I-PDGF were distinguished by first incubating the washed 
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cells in ice-cold acid strip buffer (50 mM glycine-HCl, 100 mM NaCl, 2 M urea, pH 3.0) for 

10 minutes, collecting the surface-bound radioactivity, followed by lysis in NaOH. These 

amounts were corrected for the stripping efficiency (≈ 93%), determined from control 125I-

PDGF-binding experiments at 4°C (25). Radioactivity was quantified by scintillation 

counting and compared to 125I-PDGF standards. 

In our previous kinetic model of PDGF receptor dynamics in NIH 3T3 cells (22), R, C1, and 

C2 are free receptors, 1:1 ligand-receptor complexes, and 1:2 dimerized complexes on the cell 

surface, respectively. The total cell-associated ligand is thus given by LTot = C1 + C2 + Li, 

where Li is the internalized ligand. By conservation, Li = (R0 – R – C1 – 2C2)/2. The model 

and measurements were aligned by minimizing the sum of absolute deviations, with R0 as the 

adjustable parameter, giving the number of activated receptors for any condition ( RTot
*  = 

2C2). 

 

4.3.5. Model Calculations 

 Algebraic equations were evaluated and plotted using MATLAB (MathWorks, 

Natick, MA). Best-fit parameter values and standard errors were estimated by nonlinear 

least-squares regression. Finite element calculations were performed in FEMLAB (COMSOL, 

Burlington, MA). Additional details and modeling results are provided in Section 4.5. 
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4.4. RESULTS AND DISCUSSION 

 
4.4.1 Equilibrium Binding Model of PI 3-kinase Activation 

 Based on the binding of different PI 3-kinase subunits by activated receptors and 

Ras-GTP, it was reasoned that a ternary receptor/PI 3-kinase/Ras complex could plausibly 

form in two steps (Fig. 4.1). Moreover, the plasma membrane localization of both PI 3-kinase 

binding partners suggested that the second step in the process is greatly enhanced due to the 

concentrating effect of membrane recruitment (26-28). An allosteric cooperativity, suggested 

from in vitro experiments (19,29), would synergize with the membrane localization effect. 

From this basis, a mathematical model was formulated. Binding was assumed to occur very 

rapidly relative to the rates at which receptor activation and Ras-GTP levels change (22,30), 

such that quasi-equilibrium relationships could be posed. 

   RP = R* P( ) KD,R      (4.1) 

   PS = S* P( ) KD,S      (4.2) 

   RPS = χR* PS( ) KD ,R = χRP S*( ) KD,S    (4.3) 

Species are defined as depicted in Fig. 4.1, KD,R and KD,S are dissociation constants for the 

receptor/PI 3-kinase and Ras/PI 3-kinase interactions, respectively (in units of 

molecules/cell), and χ is an enhancement factor accounting for cooperativity in the formation 

of the ternary complex. Based on the membrane localization effect, we postulated that χ >> 1. 

The total numbers of PI 3-kinase (PTot), activated receptor ( RTot
* ), and Ras-GTP ( STot

* ) 

molecules are specified in the model, yielding the following conservation equations. 

   PTot = P + RP + PS + RPS    (4.4) 

   RTot
* = R* + RP + RPS      (4.5) 
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   STot
* = S* + PS + RPS      (4.6) 

Finally, the observed PI 3-kinase activity was taken as a weighted sum of the various binding 

states, with αi defined as the specific activity of species i. 

   API 3K = αPP + αPSPS + αRPRP + αRPSRPS   (4.7) 

 

 
Figure 4.1. Model based on cooperative assembly of receptor, PI 3-kinase, and Ras-GTP 
molecules.  Cytosolic PI 3-kinase (P) is recruited to the plasma membrane by activated 
receptors (R*) or Ras-GTP (S*). These interactions produce RP and PS complexes, with 
equilibrium dissociation constants KD,R and KD,S, respectively. The ternary RPS complex may 
then form, and it is postulated that the second, lateral binding step at the plasma membrane is 
greatly enhanced by induced proximity (χ > 1). Alternatively, the two interactions may 
exhibit no cooperativity (χ = 1), negative cooperativity (0 < χ < 1), or purely competitive 
binding (χ = 0). 
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 An additional simplification greatly enhances the utility of the model. Specifically, it 

is assumed that most Ras-GTP molecules are unoccupied, or that Ras-GTP is in vast excess 

over PI 3-kinase (S* >> PS + RPS); this assertion is verified in the following section. Under 

these conditions, formation of the receptor complexes, RP and RPS, is governed by an 

effective dissociation constant, which encapsulates the influence of Ras-GTP. 

   KD
eff =

KD,S + STot
*

KD,S + χSTot
*

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ KD,R     (4.8) 

Half-maximal PI 3-kinase recruitment by receptors (RP + RPS = PTot/2) is achieved when the 

receptor activation level satisfies the following relation. 

   RTot
* = R1/ 2

* = PTot 2 + KD
eff      (4.9) 

Equations. 4.8 & 4.9, derived in the following section, may be used to directly interpret 

experiments, because KD
eff  and thus  vary with the Ras-GTP level in a manner that 

depends on whether RPS formation exhibits positive cooperativity (χ > 1), no cooperativity 

(χ = 1), or negative cooperativity (χ < 1). 

R1/ 2
*

 

4.4.2. Limitations on the Numbers of PI 3-kinase Complexes 

 The formation of signaling complexes is limited by the availability of binding 

partners. For example, the maximum number of RPS complexes that can be formed is the 

lowest value among PTot, RTot
* , and STot

* . A validated model of PDGF receptor activation in 

our cells (22) gives the value of RTot
*  in normalized units for any condition, and 125I-PDGF 

binding experiments were subsequently conducted to convert this quantity to a number per 

cell. The amounts of surface-bound, internalized, and total cell-associated ligand were 

predicted from the kinetic model, and the relevant values were aligned with the binding data 
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to yield an estimate of ≈ 370,000 PDGF receptors/cell prior to stimulation (Fig. 4.2A). The 

value of RTot
*  was taken as 2 times the calculated number of receptor dimers, an upper limit 

given the likelihood that only a fraction of activated receptors are phosphorylated on the 

relevant sites (9). 

 The numbers of Ras-GTP molecules in our cells were also quantified, using an assay 

that allows the determination of absolute GTP amounts (Fig. 4.2B). In our cells, the Ras-GTP 

level is stimulated as much as 2-3 fold by PDGF, in accord with previous reports (31,32). 

The peak value is reached within 2-3 minutes followed by a decrease to a plateau level at 10-

15 minutes (Fig. 4.2B and data not shown). Significantly, the measurements indicated that 

our cells contain ≈ 10,000 Ras-GTP molecules even in unstimulated cells. In the range of 

PDGF concentrations that give the greatest gains in PI 3-kinase activation, ~ 0.1 nM (22), it 

is thus predicted that there are far more Ras-GTP molecules than activated PDGF receptors. 

On the other hand, PDGF concentrations above 0.5 nM stimulate maximal PI 3-kinase 

activation in our cells (22), suggesting that complex formation is limited by the number of PI 

3-kinase molecules in this regime (8). 
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Figure 4.2. PDGF receptor activation and Ras-GTP generation in NIH 3T3 fibroblasts. 
(A) Theoretical calculations and measurements of cell-associated PDGF (1 & 3; , ) and 
receptor activation (2; , mean ± s.e.m., adapted from ref. (22)) in NIH 3T3 fibroblasts as a 
function of PDGF concentration, 5 minutes stimulation. Total cell-associated PDGF (1) was 
measured in four experiments (right axis). In two of those ( ), the amount of internalized 
PDGF (3) was also assessed. (B) Ras-associated GTP was quantified at the peak (2.5 
minutes; ) and plateau (15 minutes; ) following addition of PDGF to the concentrations 
indicated (mean ± s.e.m., n = 3). Absolute amounts were estimated from GTP standards. 
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4.4.3. Cooperative Activation of PI 3-kinase/Akt in PDGF-stimulated Fibroblasts 

 To address the degree of cooperation between PDGF receptors and Ras in PI 3-

kinase activation, constitutively active (G12V) and dominant-negative (S17N) H-Ras 

mutants were introduced in our cells. Transient transfection experiments confirmed that these 

mutants significantly increased and decreased Ras-GTP levels, respectively, compared to 

empty vector or mock transfections (Table 4.1). Subsequently, we introduced the Ras 

mutants by retroviral infection and selection with puromycin as a consistent means of altering 

the Ras-GTP level in every cell. An unexpected observation here was the apparent loss of 

PDGF-stimulated Ras-GTP accumulation in the vector control, at least on a whole-cell basis 

(Table 4.1).
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Table 4.1. Characterization of Ras-GTP levels in fibroblasts expressing dominant-

negative (S17N) or constitutively active (G12V) H-Ras.  Cells were prepared as described 

under Materials and Methods and either untreated or stimulated with 3 nM PDGF for 2.5 

minutes. Ras-GTP levels in cell lysates were quantified and normalized by the respective 

empty vector, unstimulated control. Values are mean ± s.e.m., n = 2-4. The values in 

parentheses are approximate numbers per cell determined from GTP standards. 

 

Transient transfection Retroviral + selection Vector 

construct – PDGF + PDGF – PDGF + PDGF 

Control 1 (10,000) 3.4 ± 0.9 1 (18,000) 1.25 ± 0.15 

S17N Ras 0.61 ± 0.16 0.94 ± 0.05 0.57 ± 0.16 0.59 ± 0.07 

G12V Ras 46 ± 18 17 ± 5 19 ± 2 17 ± 2 

None 1.2 ± 0.2 2.7 ± 0.2   

 

 

 

 Akt phosphorylation was used as a well documented biochemical readout of PI 3-

kinase signaling (33). At 5 minutes of PDGF stimulation, Akt activity reaches its peak in our 

cells, and our previous model predicts that Akt activation is directly proportional to PI 3-

kinase activity under these conditions (22). The PDGF dose responses of Akt 

phosphorylation in control, G12V Ras, and S17N Ras cells were quantified by 

immunoblotting pooled samples from three independent experiments (Fig. 4.3A&B); 
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immunoblots for each of the three batches of cells yielded the same qualitative trends (results 

not shown). S17N Ras shifted the dose response to higher PDGF concentrations, such that 

the degree of inhibition varied with PDGF dose. G12V Ras cells exhibited enhanced PI 3-

kinase/Akt activation in the absence of PDGF, although the level was significantly less than 

that elicited by maximal PDGF stimulation (34). Indeed, maximally stimulated Akt 

phosphorylation levels were similar among the three cell variants (Fig. 4.3B). In results not 

shown, we found that overexpression of wild-type H-Ras yielded a response that was 

intermediate between control and G12V Ras cells, and it was confirmed that the cell lines 

contained roughly equivalent amounts of total Akt and, for the same PDGF concentration, 

PDGF receptor phosphorylation. 

 Levels of Erk phosphorylation were consistent with the effects on Ras-GTP and 

expectedly more dramatic than for Akt (Fig. 4.3A). The degree of inhibition in S17N Ras 

cells was more pronounced, and the response in G12V Ras cells was elevated in the absence 

of PDGF and apparently insensitive to PDGF. Curiously, we observed that phosphorylation 

of Erk, but not Akt, was lower in maximally stimulated G12V Ras cells than in control cells. 

Total Erk amounts were roughly the same in all samples (data not shown). 

 When the Akt phosphorylation data was matched to the mathematical model, S17N 

Ras cells showed a higher value of  (Equation 4.9) than control cells (> 2-fold), given 

P

R1/ 2
*

Tot values that allowed an acceptable fit (< 2,000/cell) (Fig. 4.3C). Because Ras-GTP levels 

are reduced in S17N Ras cells, one concludes that ternary complex assembly occurs by a 

cooperative mechanism (χ > 1, Equation 4.8). A less predictable finding was that the best-fit 

R1/ 2
*  value for G12V Ras cells (and wild-type Ras-overexpressing cells, not shown) was only 
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slightly smaller, and within the standard errors, compared to control cells. This observation is 

not inconsistent with the model, as outlined below. 
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Figure 4.3. Cooperative activation of PI 3-kinase/Akt by PDGF receptors and Ras-GTP.  
Dominant-negative (S17N) or constitutively active (G12V) H-Ras was introduced in NIH 
3T3 cells by retroviral infection and selection, with empty vector serving as a control. 
Lysates were prepared from cells stimulated with PDGF at the indicated concentrations for 5 
minutes. (A) Phosphorylation of Akt (pSer 473) and Erk (pThr202/pTyr204). The blots 
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shown are for pooled lysate samples and represent the results of three independent 
experiments. (B) Quantification of phosphorylated Akt levels from A, normalized by total 
protein content for the different cell lines: , vector control; , S17N Ras; , G12V Ras. 
Solid curves are best fits of the cooperative assembly model, assuming PTot = 500/cell. (C) 
Best-fit values (± S.E.) of , the activated receptor number yielding the half-maximal 
increase in PI 3-kinase/Akt activation (Equation 4.9), as a function of the total PI 3-kinase 
amount (P

R1/ 2
*

Tot) assumed in the model. Symbols for the three cell lines are as in B. The overall 
quality of fit was assessed in terms of the sum of squared residuals (chi-squared) ( , dashed 
curve; right axis). 
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4.4.4. Sensitivity of PI 3-kinase Activation to Receptor and Ras Inputs 

 Membrane localization of PI 3-kinase, formation of ternary complexes, and the 

relative levels of receptor activation and Ras-GTP are all important considerations in PI 3-

kinase activation, which can be assessed through an analysis of the mathematical model. To 

cast the activated receptor and Ras-GTP levels on unit scales, we introduce the identities 

φReceptor-PI3K = RTot
* /(KD,R + RTot

* ) and φRas-PI3K = STot
* /(KD,S + STot

* ), which approach one in 

the limit of complete PI 3-kinase recruitment by receptors or Ras, respectively. These were 

considered inputs to the model, and PI 3-kinase activation was calculated for various values 

of the other parameters, most notably the cooperativity parameter χ (Fig. 4.4A–C). The 

φReceptor-PI3K and φRas-PI3K coordinates satisfying Equation 4.9 for , conditions that give 

half-maximal PDGF stimulation of PI 3-kinase/Akt activation, are also plotted (black curves). 

As discussed in the previous section,  is only a decreasing function of Ras-GTP when χ 

> 1 (Fig. 4.4A), yet when Ras-GTP levels are sufficient to drive all activated receptors to 

become occupied by PI 3-kinase (  ≈ P

R1/ 2
*

R1/ 2
*

R1/ 2
*

Tot/2), the value of  is obviously insensitive to 

further increases in Ras-GTP. Importantly, this can explain our observation that control and 

G12V Ras cells exhibited roughly the same  values (Fig. 4.3C, with P

R1/ 2
*

R1/ 2
*

Tot ≈ 2,000/cell). 

Also unique to the positive cooperativity case is the concave-up shape of the contour lines, 

indicating that PI 3-kinase activation is greater than the sum of activations by receptor and 

Ras alone. This effect has been elegantly described for other signaling processes in which 

two inputs synergize to activate an intracellular enzyme (35-37), suggesting that this 

mechanism is a general theme in intracellular signaling. 
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Figure 4.4. Model calculations and analysis.  (A–C) PI 3-kinase/Akt activation as a 
function of receptor and Ras-GTP levels. Heat plots of PI 3-kinase activity (API3K/PTot), on a 
relative scale from 0 to 1 with 0.1 intervals, as a function of φReceptor-PI3K = RTot

* /(KD,R + RTot
* ) 

(y-axis) and φRas-PI3K = STot
* /(KD,S + STot

* ) (x-axis). The three panels depict varying degrees of 
cooperativity in the two interactions: (A) positive cooperativity, χ = 100; (B) no cooperativity, 
χ = 1; (C) competitive binding, χ = 0. The black curves signify conditions that give half-
maximal PDGF stimulation of PI 3-kinase/Akt activation (Equation 4.9). Other parameter 
values are: αP = 0, αPS = 0.5, αRP = αRPS = 1, PTot/KD,R = 1. Ras-GTP is assumed to be in 
excess ( STot

*  >> PTot). (D–F) Finite element calculations of local Ras-GTP profiles 
surrounding a receptor-localized guanine nucleotide exchange factor. (D) Ras moves about 
freely, with diffusion coefficient DS. The exchange reaction occurs rapidly upon collision 
(second-order rate constant = 10DS), and the encounter distance is marked as a disk with 
radius s. Away from the receptor, the frequency of conversion back to Ras-GDP here is 10-

4DS/s2. (E) Same as in D, but Ras diffusion on the macroscopic scale is hindered by the 
presence of square corrals, 20s on a side. The permeability of the corrals is such that, on the 
µm scale, one would observe an apparent diffusion coefficient of 0.03DS. (F) Same as in E, 
except here the GEF reaction is not diffusion-limited on the microscopic scale (rate constant 
= 0.1DS). 
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4.4.5. Local versus Average Ras-GTP Density in the Plasma Membrane 

 It has long been a curiosity that stimulated increases in Ras-GTP are typically 

modest yet functionally important. In other words, small fold increase in Ras-GTP level can 

significantly affect molecules such as PI 3-kinase. Similar result was observed in our 

preliminary result of Ras activation, in which the Ras bound GTP level only increases about 

2.5 fold from basal level after maximal PDGF stimulation in Fibroblast (data not shown). 

Indeed, it is impossible to obtain from Equations 4.8 & 4.9 relative R1/ 2
*  values of 2.5X, 1X, 

and 0.9X given corresponding STot
*  amounts of 0.5X, 1X, and 15X, as observed in S17N Ras, 

control, and G12V Ras cells respectively (Fig. 4.3C and Table 4.1). One of possible 

explanations is that Ras-GTP in compartments other than the plasma membrane may blur the 

comparison of whole-cell Ras-GTP amounts. It has been reported that Ras can transmit 

signals from different locations, plasma membrane, endosome and also from different 

mocrodomains in plasma membrane (38,39). A more significant possibility is that, through 

coupling of a PDGF receptor to GEF activity, Ras-GTP is much more concentrated in the 

vicinity of the receptor compared to the average. Although Ras can presumably form PS 

complexes anywhere in the membrane, the relevant Ras-GTP concentration driving RPS 

formation is that seen by the activated receptor. 

 At least two mechanisms could contribute to a local Ras-GTP accumulation effect 

(Fig. 4.4D–F). First, if the receptor-mediated GEF reaction were diffusion-limited (Fig. 

4.4D&E), one would observe a gradient of high-to-low Ras-GTP emanating from the 

receptor, with close to 100% Ras-GTP next to the receptor (40,41). Because the GEF reaction 

is diffusion limited, all the Ras molecules located close to the receptor will collide with GEFs 

yielding Ras-GTPs. These Ras-GTPs will occupy the vicinity area preventing access of other 
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Ras molecules whereas Ras molecules located far from the receptor have less chance to 

collide with GEF, resulting in such a lower Ras-GTP level. Second, hindrance of Ras 

diffusion by periodic barriers, or “corrals” as described by Kusumi and colleagues (42,43), 

would simultaneously enhance the rate of intermolecular collisions in the receptor corral and 

allow more time for the GTPase reaction in other corrals (Fig. 4.4E&F); similar models have 

been considered previously (44-46). Inside the corrals which contain receptor, Ras molecules 

have very high chance to collide with GEFs whereas Ras molecules in other corrals only 

have chance to be deactivated by intrinsic GTPase activity and/or GAPs. Thus, Ras-GTP 

levels could be heterogeneous even when the GEF reaction is not intrinsically diffusion-

limited and this is achieved by aforementioned corral system (Fig. 4.4F). Considering a 

receptor-GEF density of ≈ 1/µm2, the receptors in Figure 4.4D–F see levels of 88%, 99%, 

and 45% Ras-GTP, compared with estimated average plasma membrane levels of 11%, 1.2%, 

and 0.55%, respectively (basal Ras-GTP subtracted). Particularly in the case of corralling, it 

is apparent that the Ras-GTP concentration near an activated receptor can be very high even 

while the average level changes very little. In the case of corral with diffusion-limitation (Fig. 

4.4E), the receptor can see more of Ras-GTP at vicinity area, in comparison to the case of 

corral without diffusion-limitation (Fig. 4.4F). In light of recent observations suggesting that 

Ras diffusion is indeed constrained (47-49), we consider it plausible that receptor/PI 3-

kinase/Ras complexes form at “point-blank range.” 
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4.5. DERIVATION OF THE TERNARY COMPLEX MODEL 

 From the scheme depicted in Fig. 4.1, one can pose equations relating the 

concentrations of PI 3-kinase in various activity states. In this model, PI 3-kinase is regulated 

only through binding interactions, and so steady states are equivalent to binding equilibria. 

Further, it is assumed that the total amount of PI 3-kinase is conserved. Posed in units of 

molecules per cell, with RTot
*  and STot

*  the total number of activated receptors and Ras-GTP, 

respectively, the relevant equations are 

Receptor/PI -kinase:  RP =
RTot

* − RP − RPS( )P
KD,R

;   (4.10) 

PI 3-kinase/Ras:   PS =
STot

* − PS − RPS( )P
KD,S

;   (4.11) 

Receptor/PI 3-kinase/Ras: 
RPS =

χ RTot
* − RP − RPS( )PS

KD,R

=
χRP STot

* − PS − RPS( )
KD,S

;
   (4.12) 

Total PI 3-kinase balance: P + RP + PS + RPS = PTot = constant.  (4.13) 

Note that the magnitude of the enhancement χ does not depend on the sequence of binding, 

satisfying microscopic reversibility. 

 We consider the limit in which the vast majority of Ras-GTP molecules are unbound, 

i.e., STot
*  >> PS + RPS. This condition is satisfied if, e.g., STot

*  >> PTot. Equation 4.11 then 

reduces to 

  PS = s*P; s* = STot
* KD,S .     (4.14) 
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Defining PR as the total number PI 3-kinase molecules associated with receptors, and 

incorporating Equation 4.12, 

  PR = RP + RPS = 1+ χs*( )RP .     (4.15) 

From Equation 4.10, RP is expressed in terms of PR as well as the number of free PI 3-kinase 

molecules, P; combining Equations 4.13 & 4.14, 

  P =
PTot − PR

1+ s*
.       (4.16) 

Hence, Equation 4.15 is simplified by incorporating Equations 4.10 & 4.16, revealing the 

effective dissociation constant for PI 3-kinase binding to receptors, KD
eff : 

  
PR =

RTot
* − PR( ) PTot − PR( )

KD
eff ;

KD
eff =

1+ s*

1+ χs*

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ KD,R .

     (4.17) 

Half of the total PI 3-kinase molecules are receptor-associated (PR = PTot/2) when the number 

of free receptors, RTot
* − PR , is equal to KD

eff . It follows that 

  RTot
* = R1/ 2

* =
PTot

2
+ KD

eff  (half-maximal binding).   (4.18) 

Incidentally, Equation 4.17 is solved for PR to give 

  PR =
PTot + RTot

* + KD
eff − PTot + RTot

* + KD
eff( )2

− 4RTot
* PTot[ ]1/ 2

2
.  (4.19) 
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 The PI 3-kinase activity is taken as the sum of the activities contributed by each PI 3-

kinase binding state: 

  API 3K = αPP + αPSPS + αRPRP + αRPSRPS.   (4.20) 

In the limit of excess Ras-GTP, with PR defined as in Equation 4.15, 

  API 3K

PTot

=
αP + αPSs*

1+ s*

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 1−

PR

PTot

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ +

αRP + αRPSχs*

1+ χs*

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

PR

PTot

.  (4.21) 

Equations 4.19 & 4.21 were used to fit the phospho-Akt data, assuming that the 

dimensionless Ras-GTP level (s*) and therefore KD
eff  are approximately constant for each 

cell line (i.e., they are insensitive to receptor stimulation, as noted from Table 4.1). 
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