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Quantitative model of Ras–phosphoinositide 3-kinase signalling cross-talk
based on co-operative molecular assembly
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In growth-factor-stimulated signal transduction, cell-surface re-
ceptors recruit PI3Ks (phosphoinositide 3-kinases) and Ras-spe-
cific GEFs (guanine nucleotide-exchange factors) to the plasma
membrane, where they produce 3′-phosphorylated phospho-
inositide lipids and Ras-GTP respectively. As a direct example of
pathway networking, Ras-GTP also recruits and activates PI3Ks.
To refine the mechanism of Ras–PI3K cross-talk and analyse its
quantitative implications, we offer a theoretical model describing
the assembly of complexes involving receptors, PI3K and Ras-
GTP. While the model poses the possibility that a ternary receptor–
PI3K–Ras complex forms in two steps, it also encompasses the
possibility that receptor–PI3K and Ras–PI3K interactions are
competitive. In support of this analysis, experiments with platelet-
derived growth factor-stimulated fibroblasts revealed that Ras

apparently enhances the affinity of PI3K for receptors; in the con-
text of the model, this suggests that a ternary complex does indeed
form, with the second step greatly enhanced through membrane
localization and possibly allosteric effects. The apparent contri-
bution of Ras to PI3K 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 PI3K signalling is
sensitive to interventions targeting Ras.

Key words: mathematical modelling, phosphoinositide 3-kinase
(PI3K), platelet-derived growth factor (PDGF), Ras, receptor
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INTRODUCTION

PI3K (phosphoinositide 3-kinase) and Ras are pivotal players in
signal transduction pathways that co-ordinate proliferation, sur-
vival and migration in normal and transformed cells. PI3Ks 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 faci-
litate activation of signalling proteins containing pleckstrin homo-
logy and other modular domains [1–4]. Receptor tyrosine kin-
ases and other tyrosine-phosphorylated proteins activate type I
PI3Ks 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, PtdIns(4,5)P2

[5–7]. PDGF (platelet-derived growth factor) receptors, with two
closely spaced PI3K-binding sites, bind with particularly high
affinity in vitro (Kd ∼ 1 nM or less) [8–11] and strongly activate
PI3K activity in cells [12–14]. Receptors also enhance signalling
through Ras proteins, which are small membrane-anchored
GTPases that cycle between GDP- and GTP-bound states, by pro-
moting Ras GEF (guanine nucleotide-exchange factor) 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 ERK
(extracellular-signal-regulated kinase). The direct interaction be-
tween 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 PI3Ks are also Ras effectors [16] was perhaps
the most dramatic evidence that signalling pathways are highly
interconnected, rather than linear and independent. Such cross-

talk interactions offer multiple avenues for activating and regu-
lating signalling 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 PI3K and enhances
its enzymatic activity in vitro; in contrast, however, Ras-GTP en-
gages the catalytic subunit, and with somewhat lower affinity
(Kd ∼ 100 nM) [16,19]. Oncogenic (G12V) Ras is constitutively
GTP-bound and significantly activates PI3K in cells [7,16,19],
suggesting that the interaction is sufficient for the activation and
membrane localization of PI3K; however, Ras is not universally
required for PI3K activation. Dominant-negative (S17N) Ras
blocks receptor-mediated modulation of endogenous Ras-GTP,
and the resulting effects on growth-factor-stimulated PI3K activ-
ation range from partial inhibition [16,20] to no inhibition [7].

These studies indicate that there are two productive routes for
PI3K recruitment: (i) binding of the regulatory domain to tyrosine-
phosphorylated receptors/adaptor proteins, and (ii) binding of the
catalytic domain to Ras-GTP. In a given cell type under various
stimulation conditions, however, the extents to which the two
interactions contribute to PI3K 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–PI3K–Ras) complex. In the latter case, the concen-
trating effect of membrane localization would tend to enhance
the second step in the ternary complex assembly [21–23], i.e. the
process would exhibit positive co-operativity. To address these
quantitative issues, we offer a simple mathematical model of PI3K
recruitment and activation. Analysis of the model suggested that
the nature of the binding co-operativity could be ascertained in
a straightforward way from quantitative measurements, and we
proceeded to perform such experiments for the PDGF receptor
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Figure 1 Model based on assembly of receptor, PI3K and Ras-GTP
complexes

(A) Model schematic. Cytosolic PI3K (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 K d,R and K d,S respectively. The ternary RPS complex may
then form, and it is postulated that the second binding step is greatly enhanced by induced
proximity at the plasma membrane (χ � 1). Alternatively, the two interactions may exhibit
no co-operativity (χ = 1), negative co-operativity (0 < χ < 1) or purely competitive binding
(χ = 0). (B) Hypothetical effects of increasing Ras-GTP levels on the dose–response of PI3K
activation. As long as Ras-GTP is sufficient for activating Ras, the basal PI3K activity will tend
to be enhanced (1). The maximal PI3K activity can increase or decrease (2), depending on
whether the ternary complex RPS exhibits a higher or lower specific activity than the binary RP
complex. Finally, the number of activated receptors required to elicit a half-maximal increase in
PI3K activation can decrease or increase (3), depending on whether the co-operativity factor χ

is greater or less than 1 respectively.

system. Our results are consistent with a mechanism in which
ternary complex assembly occurs with positive co-operativity as
described above.

MATERIALS AND METHODS

Equilibrium-binding model of PI3K activation

A quantitative model was formulated based on the interactions
of activated receptors (R∗) and Ras-GTP (S∗) that are free for
binding with distinct subunits of cytosolic PI3K (P) (Figure 1A).
It is assumed that these interactions occur rapidly on the time scale
over which R∗ and S∗ change appreciably (minutes). Thus binary

(RP and PS) and ternary (RPS) complexes form according to the
following pseudo-equilibrium equations:

RP = R∗(P)

Kd,R

(1)

PS = S∗(P)

Kd,S

(2)

RPS = χR∗(PS)

Kd,R

= χRP(S∗)

Kd,S

(3)

Species are defined as depicted in Figure 1, Kd,R and Kd,S

are dissociation constants for the receptor–PI3K and Ras–PI3K
interactions respectively (in units of molecules/cell), and χ is an
enhancement factor accounting for co-operativity in the formation
of the ternary complex. Microscopic reversibility dictates that the
magnitude of the enhancement χ does not depend on the sequence
of binding, i.e. one obtains the same overall equilibrium constant
for the assembly of RPS from its three components. The total
numbers of PI3K (PTot), activated receptor (R∗

Tot), and Ras-GTP
(S∗

Tot) molecules are specified in the model, yielding the following
conservation equations:

PTot = P + RP + PS + RPS (4)

R∗
Tot = R∗ + RP + RPS (5)

S∗
Tot = S∗ + PS + RPS (6)

Finally, the observed PI3K activity, AP, was taken as a weighted
sum of the various binding states, with αi defined as the specific
activity of species i.

AP = αPP + αPSPS + αRPRP + αRPSRPS (7)

The model equations were recast in terms of dimensionless
parameters (R∗

Tot/Kd,R, S∗
Tot/Kd,S, Kd,R/PTot, Kd,S/PTot and χ), and

the fraction of PI3K in each state was calculated using Microsoft
Excel.

Reagents

All tissue culture reagents were from Invitrogen. Human recom-
binant and 125I-labelled human PDGF-BB were from Peprotech
and Amersham Biosciences respectively. Antibodies against Ras
(Y13-259, agarose-conjugated), H-Ras, Akt-1/2 N-terminus,
ERK1 C-terminus and MKP-1 (mitogen-activated protein kinase
phosphatase 1) were from Santa Cruz Biotechnology. Antibodies
against Akt pSer473, ERK pThr202/pTyr204 and PDGF β-receptor
pTyr751 were from Cell Signaling Technology. Unless otherwise
noted, all other reagents were from Sigma–Aldrich.

Plasmids and retroviral infection

The GFP (green fluorescent protein)–AktPH plasmid and con-
struction of the �C1 vector harbouring G12V H-Ras were de-
scribed previously [24]; other �C1-H-Ras constructs were pre-
pared by the same methods. These H-Ras plasmids were used
as PCR templates for cloning into the NotI/BamHI sites of the
retroviral vector pBM-IRES-Puro, a gift from Dr Steven Wiley
and Dr Lee Opresko (Pacific Northwest National Laboratory,
Richland, WA, U.S.A.). All constructs were confirmed by DNA
sequencing. Packaging cells were transfected by calcium phos-
phate precipitation for 4 h with 15 µg of pBM-IRES-Puro con-
struct/100 mm plate. After replacing the medium, viral super-
natants were collected at 24, 28 and 32 h after transfection,
filtered, supplemented with 5 µg/ml polybrene and used for serial
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infection of NIH 3T3 fibroblasts (A.T.C.C.). These cells were
plated at 2 × 105 cells/60-mm-diameter dish 24 h before infection.
This procedure yielded >80% infection efficiency, as judged by
control infections with pBM-IRES-EGFP. At 24 h after the last
infection, viral supernatants were removed, and target cells were
incubated with growth medium containing 2 µg/ml puromycin
and selected for 2 days.

Cell culture, lysate preparation and biochemical assays

NIH 3T3 fibroblasts and variant cell lines were cultured at
37 ◦C in 5% CO2 in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% (v/v) foetal bovine serum, 2 mM L-glut-
amine and the antibiotics penicillin and streptomycin. Ras expres-
sion was maintained under puromycin selection and was stable
for at least five passages. Cells were serum-starved for 4 h be-
fore PDGF stimulation. Detergent lysates were prepared for quan-
titative immunoblotting, and immunoblots were performed using
enhanced chemiluminescence, as described previously [25].
Phospho-Akt and -ERK blots comparing different cell lines were
performed in parallel and were exposed at the same time. The
Bio-Rad Fluor S-Max system, which gives a linear response with
respect to light output, was used. Total protein concentrations
were determined using the Micro BCA (bicinchoninic acid) kit
(Pierce).

To determine the amounts of Ras-bound GTP, the coupled
NDPK (nucleoside 5′-diphosphate kinase; Sigma N2635)–luci-
ferase assay of Boss and colleagues [26,27] was performed essen-
tially as described in [28]. A significant reduction in background
was gained by preparing an exhaustively dialysed NDPK stock.
This allowed us to pre-incubate 50 µl of GTP/GDP sample
with 50 µl of FL-AAM (firefly luciferase/ATP assay mixture;
Sigma), supplemented with 100 nM purified ADP, in order to
deplete any remaining ATP contamination in the sample or ADP
stock. To this, 50 m-units of the NDPK was added to initiate
the reaction, and light production was integrated over 10 min
in a PerkinElmer 96-well-plate-reading luminometer. Ras-bound
GTP + GDP was quantified by first phosphorylating GDP to GTP
in the presence of pyruvate kinase and phospho(enol)pyruvate
(Sigma P9136 and P7127 respectively) [27]. GDP and GTP stan-
dards, pre-treated in this manner, yielded near identical standard
curves. These amounts were converted into molecules per cell,
with the cell number per plate estimated in parallel by Coulter
counting.

PDGF receptor binding experiments and estimation of activated
receptor numbers

Cells were plated in 35-mm-diameter dishes, serum-starved for
4 h, then incubated with 125I-PDGF for 5 min at 37 ◦C. To deter-
mine total cell-associated radioactivity, cells were washed rapidly
six times with ice-cold PBS then lysed in 1 M NaOH. Surface-
bound and internalized 125I-PDGF were distinguished by first
incubating the washed cells in ice-cold acid strip buffer (50 mM
glycine/HCl, 100 mM NaCl and 2 M urea, pH 3.0) for 10 min,
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 experi-
ments at 4 ◦C [29], and for non-specific binding, assessed in the
presence of 100 nM unlabelled PDGF. Radioactivity was quan-
tified by scintillation counting and compared with 125I-PDGF
standards. These amounts were converted into molecules per cell,
with the cell number per plate estimated in parallel by Coulter
counting.

In our previous kinetic model of PDGF receptor dynamics in
NIH 3T3 cells [25], 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 meas-
urements were aligned by minimizing the sum of absolute
deviations, with R0 as the adjustable parameter, giving the number
of activated receptors for any condition (R∗

Tot = 2C2).

Estimation of 3′-phosphoinositide turnover rate constant

The rate of 3′-phosphoinositide turnover was estimated from the
decay of TIRF (total internal reflection fluorescence) intensity
in living NIH 3T3 cells expressing GFP–AktPH, a 3′-phospho-
inositide-binding fusion construct, upon successive treatments
with PDGF and wortmannin as described in detail previously
[25,30].

Estimation of the receptor activation level yielding half-maximal
PI3K recruitment

The quantity R∗
1/2

is defined by eqn (12) below. If one assumes
that the free Ras-GTP level S∗ is roughly constant for each Ras
variant cell line (but different across cell lines), then each has its
own value of Keff

d . Eqns (7), (9), (10) and (11) can be manipulated
to obtain the following:

AP = AP,basal + (AP,max − AP,basal)PR/PTot (8)

The receptor-bound PI3K, PR, is determined from the quantities
R∗

Tot, PTot and Keff
d (eqn 11, rearranged using the quadratic formula).

As a function of PDGF concentration, R∗
Tot was taken from the ana-

lysis presented in Figure 2. Hence, R∗
1/2

is robustly estimated
as the value of R∗

Tot that yields PR/PTot = 1/2, or PI3K activation
at the midpoint between its basal and maximum values (eqn 8),
and its estimated value is insensitive to the assumed value of
PTot (provided that PTot < 2R∗

1/2
; eqn 12). A value of PTot = 600/cell

was arbitrarily assumed for all cell lines, and the Akt phosphoryl-
ation dose–response curves were subjected to a standard three-
parameter (AP,basal, AP,max and R∗

1/2
) fit using KaleidaGraph (Synergy

Software).

RESULTS

The degree to which receptor and Ras inputs co-operate to recruit
PI3K can be assessed using a simple equilibrium-binding model

Based on the binding of different PI3K subunits by activated
receptors and Ras-GTP, it was reasoned that a ternary receptor–
PI3K–Ras complex could plausibly form in two steps (Figure 1A).
Moreover, the plasma membrane localization of both PI3K-
binding partners suggested that the second step in the process is
greatly enhanced because of the concentrating effect of membrane
recruitment, which is expected to enhance the rate of binding by
a factor, χ , of ∼100–1000 [21–23]. An allosteric co-operativity,
suggested from in vitro experiments [19,31], would synergize with
this membrane localization effect. On this basis, a mathematical
model was formulated (see the Materials and methods section).
Binding is assumed to occur rapidly relative to the rates at which
receptor activation and Ras-GTP levels change [25,32], such
that quasi-equilibrium relationships can be posed (eqns 1–3).
In this respect, the model is similar to the description of co-
operativity in the activation of N-WASP (neural Wiskott–Aldrich
syndrome protein) in vitro [33], with two important distinctions:
our model conserves the total numbers of PI3K, activated receptor
and Ras-GTP molecules (eqn 4–6), and it allows the various
PI3K species to possess different specific activities (eqn 7).
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Figure 2 PDGF receptor activation and Ras-GTP generation in NIH 3T3
fibroblasts

(A) Theoretical calculations and measurements of cell-associated PDGF (�, �) and receptor ac-
tivation (�) (means +− S.E.M.; data from [25]), as a function of PDGF concentration (t = 5 min),
were aligned as described in the Materials and methods section. Total cell-associated (�) and
internalized (broken curve; �) PDGF were determined in four separate 125I-PDGF-binding
experiments. (B) Ras-associated GTP was quantified at the peak (2.5 min, �) and plateau
(15 min, �) following addition of PDGF to the concentrations indicated (means +− S.E.M.;
n = 3). Absolute amounts were estimated from GTP standards.

Although the model was formulated based on the hypothesis that
receptors and Ras recruit PI3K in a co-operative manner (χ � 1),
it should be noted that the model does not exclude the possibilities
that the two interactions are independent (χ = 1) or competitive
(χ = 0). Indeed, the model was used to rule out these alternative
possibilities.

The model predicts that the presence of Ras can have an
impact on three distinct aspects of the dose–response curve for
receptor-mediated PI3K activation (Figure 1B). First, as long as
Ras binding is sufficient for PI3K activation (αPS > αP), the basal
PI3K activity is an increasing function of the unoccupied Ras-
GTP level, S∗:

AP,basal

PTot

= αP Kd,S + αPSS∗

Kd,S + S∗ (basal) (9)

On the other hand, with a large number of activated receptors,
all PI3K p85–p110 heterodimers are recruited from the cytosol
into receptor-bound forms (RP and RPS), and the observed PI3K
activity achieves a plateau.

AP,max

PTot

= αRP Kd,S + αRPSχS∗

Kd,S + χS∗ (maximal) (10)

In previous work, we noted that PI3K/Akt activation is saturated
at concentrations of PDGF that give submaximal PDGF receptor

phosphorylation in NIH 3T3 fibroblasts [25]. Our interpretation,
consistent with biochemical experiments performed by others [8],
was that high concentrations of PDGF do indeed drive all of the
available PI3K into receptor complexes, although it should be
noted that another study reported a transient low-affinity PDGF
receptor–PI3K interaction in fibroblasts [34]. From eqn (10), it is
seen that the presence of Ras can increase, decrease or have no
effect on the maximal PI3K activity, depending on whether the
specific activity α of the ternary RPS complex is greater than, less
than or equal to that of the RP complex respectively.

Finally, and most importantly, increasing levels of Ras-GTP
tend to shift the dose–response curve towards lower PDGF
concentrations when the ternary RPS complex forms in a co-
operative manner (χ > 1). Conversely, if the interactions are
competitive, Ras-GTP will tend to shift the dose–response curve
towards higher PDGF concentrations. To illustrate this conclusion
mathematically, manipulation of the model equations reveals that
formation of the receptor complexes, RP and RPS, is governed
by an effective dissociation constant, which encapsulates the
influence of Ras-GTP.

PR = RP + RPS = (R∗
Tot − PR)(PTot − PR)

K eff
d

(11)

K eff
d =

(
Kd,S + S∗

Kd,S + χS∗

)
Kd,R

Half-maximal PI3K recruitment by receptors (PR = PTot/2) is
achieved when the receptor activation level satisfies the following
relationship:

R∗
Tot = R∗

1/2
= PTot/2 + K eff

d (12)

It is readily seen that Keff
d and thus R∗

1/2
are decreasing functions

of Ras-GTP when χ > 1, a conclusion upon which we based our
experimental design.

PI3K recruitment is limited by the number of activated receptor,
Ras-GTP, or PI3K molecules

The formation of signalling complexes is limited by the avail-
ability of binding partners. For example, the maximum number of
RPS complexes that can form is the lowest value among PTot, R∗

Tot

and S∗
Tot. The actual numbers of the various complexes depend on

these quantities and other model parameters. We therefore sought
to quantify, as a function of PDGF concentration, the average
numbers of activated PDGF receptor and Ras-GTP molecules in
our mouse fibroblasts.

A validated model of PDGF receptor activation in these cells
[25] gives the value of R∗

Tot in normalized units for any condition,
and 125I-PDGF binding experiments were subsequently conducted
to convert this quantity into an approximate number per cell. The
amounts of surface-bound, internalized and total cell-associated
ligand (0.5 or 1 nM PDGF, 5 min) were predicted from the kinetic
model, and the relevant values were aligned with the binding data
to yield an estimate of approx. 200000 PDGF receptors/cell before
stimulation (Figure 2A), consistent with previous estimates [35].
The value of R∗

Tot was taken as twice the calculated number of
receptor dimers.

The numbers of Ras-GTP molecules in our cells were also quan-
tified, using an assay that allows the determination of absolute
amounts (Figure 2B). The peak value was reached within 2–3 min,
followed by a decrease to a plateau at 10–15 min (Figure 2B, and
results not shown). Significantly, the measurements indicated that
our cells contain approx. 10000 Ras-GTP molecules even before
stimulation. The sum of Ras-GTP and Ras-GDP in our cells was
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found to be approx. 400000 molecules/cell (results not shown).
The basal GTP/(GTP + GDP) ratio (≈2.5%) is similar to that
measured by others in murine fibroblasts [36,37].

In the range of PDGF concentrations that give the greatest
gains in PI3K activation (approx. 0.1 nM [25]), it is thus predicted
that there are >10-fold more Ras-GTP molecules than activated
PDGF receptors in our cells. This analysis suggests that, until all
of the PI3K is recruited, it is the availability of activated receptors
that limits complex formation. Ras-GTP is apparently in excess
in our cells.

Modulation of Ras-GTP levels by retroviral infection

To ascertain the degree of co-operation between PDGF receptors
and Ras in the activation of PI3K, we modulated the levels of Ras-
GTP in our cells through the expression of dominant-negative
(S17N) or constitutively active (G12V) H-Ras, introduced by
retroviral infection and puromycin selection; control cells were
infected with virus lacking an insert (Figure 3). Ras expression
was confirmed by immunoblotting with anti-H-Ras antibodies
(Figure 3A), and Ras-GTP measurements followed the expected
trend (S17N < control � G12V; Figure 3B). Immunoblotting
with phospho-specific PDGF β-receptor antibodies (pTyr751; one
of the PI3K-binding sites) was used to confirm that the Ras
variants did not significantly alter PDGF receptor phosphorylation
(Figure 3C).

To confirm that changes in Ras-GTP level were significant
for modulation of downstream signalling, we assessed the dose–
responses of ERK phosphorylation as the output of the Raf–
MEK (mitogen-activated protein kinase/ERK kinase)–ERK
cascade (Figure 3D). As expected, PDGF-stimulated ERK phos-
phorylation was significantly inhibited by S17N Ras, while ERK
phosphorylation in G12V Ras cells was elevated in the absence
of PDGF and was insensitive to PDGF stimulation. Total ERK
amounts, as a fraction of the total protein concentration, were
roughly the same in all samples (results not shown). Interestingly,
the ERK phosphorylation level in G12V Ras cells was lower than
in maximally stimulated control cells, which might be attributed
to a well-known feedback loop in which activated ERK induces
expression of MKP dual-specificity phosphatases [38,39]. Indeed,
we confirmed that G12V Ras expression is accompanied by robust
expression of MKP-1 in our cells (Figure 3E).

Co-operative activation of PI3K/Akt in PDGF-stimulated fibroblasts

Akt phosphorylation was used as a well-documented biochemical
readout of PI3K signalling [40]. At 5 min of PDGF stimulation,
Akt activity reaches its peak in our cells, and our previous
model predicts that Akt activation is directly proportional to PI3K
activity under these conditions [25]. The PDGF dose–responses of
Akt phosphorylation (p-Akt) in control, S17N Ras and G12V Ras
cells were quantitatively determined by immunoblotting samples
from three independent experiments; the p-Akt band intensity of
each sample was normalized by that of total Akt (t-Akt), asses-
sed in parallel (Figures 4A and 4B). Compared with the dose–
response in control cells, S17N Ras shifted the dose–response to
higher PDGF concentrations, such that the degree of inhibition
varied with PDGF dose. At the lowest dose (0.05 nM), the normal-
ized p-Akt level was inhibited by approx. 40%, and inhibition by
S17N Ras was also statistically significant at 0.1 nM PDGF. G12V
Ras cells exhibited enhanced PI3K/Akt activation in the absence
of PDGF (approx. 6-fold compared with control), although the
level was significantly lower than that elicited by maximal PDGF
stimulation [41]. When stimulated maximally with PDGF, Akt
phosphorylation levels were similar in control and S17N Ras
cells, but approx. 1.5-fold higher in G12V Ras cells (Figure 4B).

Figure 3 Characterization of NIH 3T3 variants with various levels of
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. (A) H-Ras
expression. Cell lysates (25 µg of total protein) were subjected to SDS/PAGE and blotted for
H-Ras. (B) Ras-GTP levels. Cell variants were unstimulated (grey bars) or stimulated with PDGF
(black bars). Ras-GTP levels were measured as in Figure 2(B) and were normalized by the level
in unstimulated control cells (approx. 18 000 molecules/cell, determined from GTP standards).
Values are means +− S.E.M.; n = 2. (C) PDGF receptor phosphorylation. Cells were stimulated
with the indicated concentrations of PDGF (nM) for 5 min, and lysates were probed with
anti-phospho-PDGFβ-receptor (pTyr751) antibodies. (D) ERK phosphorylation. Lysates were
prepared from cells stimulated with the indicated concentrations of PDGF for 5 min, subjected to
SDS/PAGE and probed with anti-phospho-ERK (pThr202/pTyr204) antibodies. The blot shown is
representative of three independent experiments. (E) MKP-1 expression. Lysates were prepared
from cells stimulated with the indicated concentrations of PDGF (nM) for 5 min, subjected to
SDS/PAGE and probed with anti-MKP-1 antibodies.

The Akt phosphorylation data were fitted to the equilibrium-
binding model by non-linear regression to extract the apparent
value of R∗

1/2
(eqn 12, assuming that S∗ and thus Keff

d for each cell
line is approximately constant), the number of activated receptors
required to recruit half of the p85–p110 PI3K heterodimers into
receptor complexes (Figure 4C). This value was found to be ap-
prox. 1.7 times higher for S17N Ras cells than for control cells.
Because Ras-GTP levels are reduced in S17N Ras cells, we
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Figure 4 Co-operative activation of PI3K/Akt by PDGF receptors and Ras-
GTP

Dose–responses of Akt phosphorylation (pSer473) at 5 min of PDGF stimulation were measured
by quantitative immunoblotting for the cell variants described in Figure 3. (A) Representative
immunoblot. (B) Quantification of phosphorylated Akt levels (p-Akt), normalized by total Akt
content (t-Akt). Values are means +− S.E.M.; n = 3: vector control (�); S17N H-Ras (�); G12V
H-Ras (�). Asterisks denote significantly higher or lower values compared with the control cells
for the same PDGF dose, based on Student’s t test (∗ , P < 0.05; ∗∗ , P < 0.01). The curves are
best fits of the co-operative assembly model, assuming that Ras-GTP is in excess (S∗ ≈ S∗

Tot).
(C) Best-fit values (+− S.E.M.) of R∗

1/2
, the number of activated receptors yielding half-maximal

recruitment of PI3K into receptor-bound complexes (eqn 12).

conclude that ternary complex assembly occurs by a co-operative
mechanism (χ > 1). A less predictable finding was that the best-
fit R∗

1/2
values for G12V Ras cells were only slightly smaller (by

approx. 20%), and within the standard errors, compared with
control cells (Figure 4C). This observation is not inconsistent
with the model, however, as outlined in the next section.

It was reasoned that the increase in maximally stimulated Akt
phosphorylation observed in G12V Ras cells compared with
control and S17N Ras cells might be attributed to regulation
of 3′-phosphoinositide turnover, as opposed to enhanced PI3K
activation. This possibility was assessed in living NIH 3T3 cells
transiently co-transfected with a fluorescent, 3′-phosphoinositide
lipid-binding probe (GFP–AktPH) and either G12V Ras or empty
vector, imaged using TIRF microscopy (Figure 5). These cells

Figure 5 Reduced 3′-phosphoinositide turnover rate in G12V Ras-
expressing cells

Individual NIH 3T3 cells were co-transfected with GFP–AktPH and either G12V Ras or control
vector and stimulated with 10 nM PDGF for 10 min, followed by inhibition of PI3K with
wortmannin, and the ensuing decay in 3′-phosphoinositide level was monitored in real time
using TIRF microscopy [25,30]. A total of seven control and 23 G12V Ras cells, from 4 days
of experiments, were analysed. (A) Normalized TIRF time courses, following PI3K inhibition,
for the control cells. (B) Whisker plot of estimated first-order 3′-phosphoinositide turnover
rate constants for the two cell populations, depicting the median, upper and lower quartiles,
and range of values for each population. Turnover was significantly slower in G12V Ras cells
(P < 0.001, Student’s t test).

were first stimulated with 10 nM PDGF for 10 min, followed by
a high dose of wortmannin to rapidly block 3′-phosphoinositide
production, and the 3′-phosphoinositide turnover rate constant
was inferred from the ensuing exponential decay in TIRF intensity
[25,30] (Figure 5A). 3′-Phosphoinositide turnover was found to be
significantly slower in the G12V Ras cell population (Figure 5B),
and, in fact, the ratio of the mean apparent rate constants
(0.59 min−1 for control and 0.36 min−1 for G12V Ras) can account
for the observed 1.5-fold change in maximally stimulated Akt
phosphorylation. Together with our previous observation that
PDGF stimulation does not significantly alter 3′-phosphoinositide
turnover in NIH 3T3 cells [30], this suggests that PI3K activation
in response to maximal PDGF stimulation is not dramatically
affected by modulation of Ras-GTP.

Sensitivity of PI3K activation to receptor and Ras inputs

The tendency to form binary and ternary complexes of receptors,
PI3K and Ras and their relative lipid kinase activities are important
considerations that can be assessed through an analysis of the
equilibrium-binding model. Figure 6 shows calculated PI3K
activation as a function of the normalized receptor activation
and Ras-GTP levels, with different values of the other constant
parameters. Here we assume a value of the co-operativity para-
meter, χ , of 100 or 1000, consistent with the expected magnitude
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Figure 6 Model calculations and analysis

The hypothetical PI3K activity was calculated in dimensionless form (A P/αRPSPTot) from
eqns (1)–(7), as a function of dimensionless receptor (R∗

Tot/K d,R) and Ras (S∗
Tot/K d,S) binding

sites. The values of the latter are 0, 0.01, 0.1, 1 and 10. Relative binding constants are as
follows. (A) and (B): K d,R/PTot = 1, K d,S/PTot = 100, χ = 100; (C) and (D): K d,R/PTot = 10,
K d,S/PTot = 100, χ = 100; (E) and (F): K d,R/PTot = 10, K d,S/PTot = 100, χ = 1000. The binary
complexes, RP and PS, were assumed to be either less active than (αRP =αPS = 0.5αRPS; A,
C and E) or as active as (αRP = αPS = αRPS; B, D and F) the ternary RPS complex. The �

symbols signify the position of the R∗
1/2

value for each curve (eqn 12), and the broken lines show
the range of R∗

1/2
values across the spectrum of Ras-GTP levels.

of binding enhancement through the concentrating effect of
membrane recruitment. Increasing levels of Ras-GTP will thus
tend to shift the dose–response leftward, towards lower receptor
activation (eqns 10 and 11).

Eqn (12) also shows that the magnitude of the shift is limited
by the stoichiometry of binding (R∗

1/2
= PTot/2). In our cells, we

found that control and G12V Ras cells exhibit similar R∗
1/2

values,
consistent with this limit. The apparent value is approx. 600 activ-
ated receptors/cell (Figure 4C), or approx. 1 nM on a whole-
cell basis. Across the spectrum of Ras-GTP values, the range of
possible R∗

1/2
values is determined by the dissociation constant for

the receptor interaction relative to the PI3K concentration (Kd,R/
PTot); or comparing cells containing no Ras (R∗

1/2
= PTot/2 + Kd,R)

with those at the stoichiometric binding limit, the fold change is
(1 + 2Kd,R/PTot). For example, when Kd,R = PTot (Figures 6A and
6B), the maximum span of R∗

1/2
values is a factor of 3. When Kd,R =

10PTot (Figures 6C–6F), the range is 21. In our experiments, we
found a shift in R∗

1/2
of approx. 2-fold between cells expressing

S17N Ras and G12V Ras, suggesting that Kd,R is at least roughly
the same magnitude as PTot or larger in our cells. As predicted
from eqn (12), the value of χ determines how much Ras-
GTP is required to produce a significant shift and to achieve
near-stoichiometric binding (compare Figures 6C and 6D with
Figures 6E and 6F). If the Ras-GTP level in control cells is
sufficient to give stoichiometric PI3K recruitment, yet the basal
PI3K signalling is low (S∗

Tot/Kd,S < 1), we conclude that the value
of χ must be large (χ � 10).

As long as binding to Ras is sufficient for PI3K activation
(αPS >αP), the basal PI3K level will be an increasing function of
the Ras-GTP level in cells (eqn 9). In our G12V Ras cells, the basal
Akt phosphorylation was found to be approx. 10% of maximal
(Figure 4B). This indicates that the specific activity of the PS
complex is at least 10% of the maximum (αPS/αRPS � 0.1) in
our cells, although our data cannot distinguish between partial
recruitment and partial activation in the basal state (compare
Figures 6E and 6F, for example). The maximal PI3K activity
is also a function of Ras-GTP when the specific activity of the
RP complex is different from that of the ternary RPS complex
(αRP �= αRPS); however, the sensitivity of the plateau value to
changes in the Ras-GTP level depends on the value of χ (eqn 10;
compare Figures 6C and 6E). Thus our conclusion that the
maximal PI3K activation levels were similar among the cell
variants does not preclude the possibility that receptors and Ras
together yield the highest specific PI3K activity, as suggested from
experiments with purified proteins [19,31].

DISCUSSION

Propagation of intracellular signals generally requires the re-
cruitment of signalling proteins to the plasma membrane, where
they are activated and/or gain access to their substrates. For
enzymes such as PI3K, this localization is critical for the control
of cell migration, phagocytosis and other spatially co-ordinated
processes [42,43]. Transmembrane receptors, receptor-bound
adaptors, lipids and lipid-tethered G-proteins/GTPases are among
the signalling molecules that serve as binding sites at the mem-
brane, recognized by proteins that have certain modular inter-
action domains/motifs [44,45]. When a cytosolic protein may
simultaneously interact with two such membrane-associated mol-
ecules, assembly of the ternary complex is thermodynamically
favoured because of the reduced volume of the membrane-pro-
ximal space. Allosteric co-operativity, whereby one domain is
exposed or better oriented upon binding of the other, is not nece-
ssary for this effect, but would enhance it, as noted in the regu-
lation of protein kinase C [46], Raf-1 [47,48] and N-WASP [33].
In these and other such studies, the presence of a multimolecular
complex is inferred from measurements of protein recruitment
or activation, as the direct isolation of such complexes is
hindered by their low abundance and transient lifetime, and/or
the need for an intact membrane. In the light of these difficulties,
quantitative analysis of complex formation might hinge on a
useful mathematical description of the system that captures the
possible mechanisms involved.

An equilibrium-binding model was formulated and used to
analyse the activation of PI3K in PDGF-stimulated fibroblasts,
and, in the context of this model, we find that PDGF recep-
tors and Ras-GTP recruit PI3K to the plasma membrane in a co-
operative fashion, through the formation of a receptor–PI3K–Ras
complex. We also assert that the magnitude of the co-operativity
is such that PI3K binding is roughly stoichiometric, limited by the
availability of activated PDGF receptors and PI3K at low and high
PDGF concentrations, respectively. Thus Ras-GTP apparently
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plays an important yet permissive role, as expression of G12V
Ras does not drastically alter the concentration of PDGF required
for half-maximal PI3K/Akt activation in our cells. Interestingly,
however, we found that G12V Ras expression yields a modest
reduction in the rate of 3′-phosphoinositide turnover, presumably
by affecting the abundance or activity of lipid phosphatases.

In general, our analysis of the model indicates that the inhibition
or amplification of Ras signalling will have the most influence
when the affinity of PI3K for the phosphorylated receptor/adaptor
protein is relatively weak. The magnitude of the effect depends
not only on the receptor system being studied, but also on the
concentration of the stimulus and expression levels of receptors
and PI3Ks in the particular cell lines used.

In this analysis, it is important to distinguish complex formation
from enzyme activation. Experiments with purified proteins sug-
gest that the receptor–PI3K–Ras complex possesses the highest
PI3K activity, and, if so, Ras-GTP and PDGF will always en-
hance PI3K signalling. We find again, however, that the magnitude
of this effect depends on the parameters of the specific system. If
the Ras-GTP levels could be carefully titrated, the saturation of
PI3K activity in the absence of PDGF would reveal the relative
activity of the PI3K–Ras complex in the cell; a complete analysis
would also consider the various isoforms of Ras and PI3Ks. In
cells stimulated maximally with PDGF, the model prediction is
that the saturation of PI3K activity would occur at much lower
Ras-GTP levels. Hence, the observation that the maximal PI3K
activity was insensitive to the Ras-GTP level in our cells does not
necessarily mean that the receptor–PI3K interaction is sufficient
for full activation.

It has long been a curiosity that receptor-mediated increases
in Ras-GTP tend to be modest in magnitude yet functionally
important. A potential explanation is that Ras-GTP in compart-
ments other than the plasma membrane may blur the comparison
of whole-cell Ras-GTP amounts [49,50]. A more significant pos-
sibility is that, through coupling of an activated receptor to GEF
activity, Ras-GTP is much more concentrated in the vicinity of the
receptor compared with the average. Indeed, it is not possible to
obtain from eqns (10) and (11) relative R∗

1/2
values of 1.7X, 1X and

0.8X given corresponding Ras-GTP concentrations of 0.5X, 1X
and 15X, as observed on a whole-cell basis in PDGF-stimulated
S17N Ras, control and G12V Ras cells respectively (Figures 4C
and 3B). 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. In the
context of the equilibrium-binding model, which ignores spatial
gradients, such differences between local and average Ras-GTP
densities are effectively lumped in the value of χ . Thus, although
this simplification does not affect our qualitative conclusions,
a more complete model would account for the local dynamics
explicitly.

At least two mechanisms could contribute to a local Ras-GTP
accumulation effect, and we have performed an initial exploration
of these effects through modelling (see the Supplement at http://
www.BiochemJ.org/bj/393/bj3930235add.htm). First, if the re-
ceptor-mediated GEF reaction were diffusion-limited, 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
[51,52]. Secondly, hindrance of Ras diffusion by periodic barriers
or corrals, as described by Kusumi and colleagues [53,54], would
simultaneously enhance the rate of intermolecular collisions in the
receptor corral and allow more time for the GTPase reaction in
other corrals; similar systems have been considered theoretically
[55–57]. Thus Ras-GTP levels could be heterogeneous even when
the GEF reaction is not intrinsically diffusion-limited. In the light
of recent observations that suggest that Ras diffusion is indeed

constrained [58–60], we consider it plausible that receptor–PI3K–
Ras complexes form at ‘point-blank range’.
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