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ABSTRACT

The extracellular environment is sensed by receptors in the plasma membrane. Some of these receptors initiate
cytoplasmic signaling cascades involving phosphorylation: the addition of a phosphate group to a specific amino
acid, such as tyrosine, in a protein. Receptor Tyrosine Kinases (RTKs) are one large class of membrane receptors
that can directly initiate signaling cascades through their intracellular kinase domains, which both catalyze
tyrosine phosphorylation and get phosphorylated. In the first step of signaling, the ligands stabilize
phosphorylation-competent RTK dimers and oligomers, which leads to the phosphorylation of specific tyrosine
residues in the activation loop of the kinases. Here we discuss quantitative measurements of tyrosine phos-
phorylation efficiencies for RTKs, described by the “transducer function”. The transducer function links the
phosphorylation (the response) and the binding of the activating ligand to the receptor (the stimulus). We
overview a methodology that allows such measurements in direct response to ligand binding. We discuss ex-
periments which demonstrate that EGF is a partial agonist, and that two tyrosines in the intracellular domain of

EGFR, Y1068 and Y1173, are differentially phosphorylated in the EGF-bound EGFR dimers.

1. Introduction

The 58 human receptor tyrosine kinases (RTKs) regulate cell growth,
migration, differentiation, and survival, playing crucial roles in devel-
opment and in adult life [1-13]. Dysregulated RTK activity can lead to
uncontrolled growth in cancer or hindered growth in developmental
abnormalities [14-18]. Most of the 58 RTKs are implicated in many
cancers or developmental syndromes, making them desirable drug tar-
gets [13,19-25].

All RTKs are composed of an extracellular (EC) domain, a single
transmembrane (TM) domain, and an intracellular (IC) domain. The EC
region contains the ligand-binding sites, while the IC region contains the
kinase domain responsible for RTK activity. The term “RTK activity”
describes the catalytic activity of the IC kinase domain, which facilitates
the addition of phosphate groups to specific tyrosines of a neighboring
RTK in a dimer or an oligomer [1,2]. First, the activation loop tyrosines
are phosphorylated upon kinase-kinase contacts (Fig. 1). This event fully
activates the kinases, leading to the phosphorylation of additional ty-
rosines in the IC domain (often in the unstructured cytoplasmic tail of
the RTK) [5,26-30]. These tyrosines recruit cytoplasmic effector
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proteins, which are also phosphorylated by the RTK, to initiate signaling
cascades that control cellular functions [1,2,31]. Some of the best-
characterized signaling cascades initiated by RTKs are the MAPK,
STAT, PI3K, and PKC cascades [1,2,12,32-37]. Signal transduction
events have been studied for decades, but a quantitative picture of
transduction across the plasma membrane in response to ligand binding
has been lacking until recently.

The epidermal growth factor receptor (EGFR) is an RTK implicated in
cell growth and differentiation in adult life and during embryonic
development [38-41]. EGFR signaling is known to be critically impor-
tant for the development of the epithelium and has been implicated in
many cancers [38,42,43]. EGFR can be activated by seven different li-
gands, including EGF, the most widely studied ligand. Many tyrosines in
the intracellular domain of EGFR are phosphorylated in response to
ligand binding, including Y1068 and Y1173 in the long EGFR cyto-
plasmic tail.

It is known that signal propagation involves amplification, as well as
additional modulation due to negative and positive feedback loops
[2,12,44]. To decouple the two effects with the long-term goal of
gaining a comprehensive understanding of signaling, we have measured
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Fig. 1. The transducer function yields a quantitative link between ligand-receptor complex formation and the phosphorylation of critical tyrosines in the intracellular
(IC) domain of the receptor. Shown is a schematic of a dimeric RTK (EGFR) in the plasma membrane. The binding of ligand (red) to the extracellular (EC) domain of
the RTK stabilizes an RTK signaling oligomer, usually a dimer. Details about ligand binding to RTKs are known, as there are crystal structures of the isolated RTK
domains in complex with ligands [2,94]. The bound ligands are believed to position the two kinase domains in the dimer in phosphorylation-competent orientation
with respect to each other, but the exact mechanism is not understood. There are many high-resolution structures of isolated kinase domains, but details about their
relative positioning in the dimer are unknown as there are no full-length RTK structures [95]. Each kinase phosphorylates multiple tyrosines in the IC domain of the
neighboring receptor; in the case of EGFR the phosporylated tyrosines (green) are predominantly in the long unstructured post-kinase tails. Here we aim to quantify
the transducer function (black arrow), which links the phosphorylation (the response) and the binding of the activating ligand to the receptor (the stimulus).
Measurements are performed in plasma membrane derived vesicles, which do not retain cytoplasmic signaling molecules such as PLCy, ERK, GRB2, and AKT. The
14atter can affect RTK phosphorylation via feedback mechanisms but are not present in the experiments.

<

the phosphorylation of EGFR in direct response to bound EGF, using a
model system that lacks downstream signaling cascades that operate
within the cell [45]. These measurements, which are overviewed below,
showed that Y1068 and Y1173 in the EGFR kinase tail are differentially
phosphorylated in response to EGF binding [45].

2. The transducer function

The transducer function is the quantitative link between the response
and the stimulus which causes it [46]. In the case of RTK signal trans-
duction across the plasma membrane, the response is the addition of a
phosphate group to a tyrosine in the intracellular domain of the RTK,
while the stimulus is the formation of ligand-bound RTK complexes.
Both RTK phosphorylation [47,48] and ligand-binding curves [49], as a
function of ligand concentration, have been measured previously, but in
very different experimental contexts and have not been compared
directly. To determine the transducer function, we measure both curves
simultaneously in the same system so we can plot one versus the other,
as described below.

It has long been known that signaling responses depend on the
concentrations of activated receptors, via a hyperbolic functional
dependence [50,51]. This hyperbolic relationship was initially deduced
by Black and Leff based on fundamental principles [46]. It forms the
basis of their “operational model,” which applies to various receptor
types including RTKs [52]. In this model, ligand-bound receptors serve
as a stimulus to activate the response with a characteristic equilibrium
dissociation constant, Kresp [53,54].

stimulus*R,ax
stimulus + Kesp

response = transducer function(stimulus) = m
We designate the stimulus as the fraction of ligand-bound receptors,
fbound- We designate the response as the tyrosine phosphorylation per
EGFR molecule, Rphospo- Rmax is the maximum possible theoretical
response (phosphorylation) that can be attained in the experiment
[55,56]. Therefore:
fbound*Rmax

R = bound “max 2
phospho fbound + Kresp ( )

where Kpegp is the ligand-bound receptor fraction that yields 50 % of
Rimax- Since R ¢ depends on experimental details, such as labeling yields
for antibody batches, we can instead write:

Rphospho _ fbound (3)
Rmax fbound + Kresp

The ligand-bound receptor fraction fyoung is between 0 and 1. By
setting fpound = 1, we define:

. . . Rphospho (fbound = 1) 1
phosphorylation efficiency = R T+ Ky “4)
This phosphorylation efficiency can be calculated if the transducer
function is measured experimentally and Ryay and Kyesp are found from a
two-parameter fit using Eq. (2). For this type of measurement, it is
important that the ligand-bound receptor fraction, fyound, is quantified
directly. Ligand-binding to RTKs cannot be described by a simple

binding reaction since ligand-binding and lateral RTK interactions are
coupled [57]. Indeed, ligand-binding is strongly affected by the RTK
association state, and RTK dimerization and oligomerization are
affected by the presence of bound ligand [57]. Furthermore, the oligo-
merization state is challenging to measure in the membrane, and may
vary with ligand concentration [58,59]. All complications in data
interpretation due to complex RTK behaviors can be avoided through
direct measurements of fyound, along with phosphorylation measure-
ments, Rpposho, in the same membrane, as a function of ligand
concentration.

2.1. The RTK transducer functions cannot be measured using western
blotting

For many years, the most widely used approach to quantify phos-
phorylation has been western blotting [60-62]. In these experiments, a
large pool of cells expressing an RTK is lysed, after stimulation with the
ligand. The proteins in the lysates are separated on SDS-PAGE gels, and
then the phosphorylation of a particular tyrosine is probed using a
highly specific anti-phosphoY antibody [47,63,64]. Thus, dose-response
curves for RTK phosphorylation can be acquired if the ligand is varied
over a broad concentration range, and the phosphorylation is measured
using western blotting [47,48,65]. However, the transducer function
measurements require that not only the response but the stimulus is
known as well. This stimulus is fyoung, the fraction of ligand-bound re-
ceptors, which cannot be measured quantitatively in western blotting
experiments. Furthermore, in western blotting experiments, the phos-
phorylation over many cells with different expressions of the RTKs is
averaged, and the RTK expressions in the individual cells are unknown.

In addition, results in cells are affected by feedback loops, either
negative or positive, which depend on the concentration of the
expressed effector proteins [1,44]. These effects are sometimes referred
to as “system bias” [66]. The concentrations of the cytoplasmic effectors
vary among cell lines, leading to significant differences in reported re-
sults. It is thus important to decouple (i) effects that occur in direct
response to ligand-binding and (ii) effects due to complex feedback
mechanisms including receptor downregulation. It is also important to
know the concentrations of all relevant signaling molecules that impact
the measured response. Thus, western blotting has significant limita-
tions for transducer function measurements.

2.2. Established model systems cannot be used for RTK transducer
function measurements

There has been significant progress towards understanding signal
transduction by G-protein coupled receptors (GPCRs) [51,67]. GPCRs
are membrane proteins made of 7 TM helices, involved in the recogni-
tion of light, taste, odors, hormones, pain, and neurotransmitters, and
thus involved in a myriad of biological processes [68-70]. In response to
ligand-binding on the extracellular side, GPCRs bind to and activate
heterotrimeric G proteins or arrestins on the cytoplasmic side [71,72].
While GPCRs have been reported to dimerize similarly to RTKSs, it is now
established that GPCRs signal predominantly as monomers, with
dimerization likely fine-tuning their activity [67,73-75]. Researchers
purify GPCRs and then reconstitute them in model lipidic systems such
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as nanodisks [71,72]. In these model systems, the researchers can add a
ligand that binds on one side of the receptor and simultaneously follow
G-protein or arrestin binding to the other side.

Such a model system is not appropriate for studies of RTKs because it
may put artificial constraints on the oligomer size of the RTK assemblies,
which can be dimers or higher-order oligomers. Furthermore, while
there are many reports where GPCRs have been purified and then
reconstituted without losing activity, no such successes have been re-
ported for RTKs thus far, to the best of our knowledge. It is thus pref-
erable to use a model system that does not require RTK extraction out of
the native plasma membrane and provides a contiguous membrane so
the RTKs diffuse and interact with each other as they do in cells.

2.3. Osmotically derived plasma membrane vesicles as a model system for
transducer function measurements

We have leveraged the model system of osmotically-derived plasma
membrane vesicles to study RTK phosphorylation in direct response to
ligand binding [45]. These vesicles are highly permeable to hydrophilic
proteins [77], and thus both the EC and IC domains of the receptor are
experimentally accessible by the researcher. Thus, we can simulta-
neously observe ligand-binding and tyrosine phosphorylation (Fig. 2).
We use fluorescent ligands to visualize ligand-binding to the receptors.
We use fluorescently labeled anti-phosphoY antibodies that recognize
only one specific phosphorylated tyrosine on a specific RTK, to probe
activation. The receptors are also labeled and their membrane densities
are quantified.

The osmotic stress vesiculation is carried out without the use of harsh
chemicals [78]. The lipid composition of the osmotically-derived vesi-
cles is practically the same as the lipid composition of the plasma
membrane [77]. Both soluble and peripheral proteins leak out from the
vesicles produced with the osmotic stress method [77]. Dextrans of
molecular weight of 73,000 Da (hydrodynamic radius of 6.5 nm), when
added externally, permeate the vesicles and equilibrate across the
plasma membrane within 1 h [45]. Externally added antibodies (hy-
drodynamic radius of 5.4 nm) also enter the vesicles, such that the
concentration inside and outside of the vesicles is identical [45]. Thus,
phosphorylation of the RTK on the cytoplasmic side of the plasma
membrane is detected through the use of fluorescent, highly specific

ligand concentration

stimulus readout

response readout
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anti-phosphoY antibodies. These antibodies are recruited to the vesicle
membrane upon tyrosine phosphorylation in response to ligand
stimulation.

3. Measurements of the EGFR transducer function

Here we overview measurements described in [45], shown sche-
matically in Fig. 2. CHO cells were transfected with DNA encoding EGFR
tagged with a fluorescent protein, mTurquoise (mTurq), attached via a
flexible linker to the C-terminus [31]. 24 h later, the cells were subjected
to osmotic vesiculation and the vesicles were incubated with Alexa488-
labeled anti-phosphoY1068 EGFR antibody. To start the phosphoryla-
tion reaction, the ligand EGF was added together with a Magnesium/
ATP kinase cocktail, and the solution was incubated for 1 h. The cocktail
contained phosphatase inhibitors which inactivate the phosphatases.
Thus, the phosphorylation of Y1068 was a direct consequence of ligand-
binding and signal propagation across the length of EGFR. All other
influences were minimized. Transmembrane phosphatases were inhibi-
ted. Proteins of molecular weight of up to at least 210 kDa leak out from
all the osmotically-derived vesicles [77], and antibodies of molecular
weight 150 kDa permeate the vesicles. Labeled signaling molecules,
such as PLCy-GFP, PLC3-GFP, PKCO-GFP, and GRB2-Venus [77], are not
found in the vesicles, which gives confidence that endogenous cyto-
plasmic proteins that may be relevant to EGFR signaling are not present
(Fig. 1). Noteworthily, critically important downstream molecules, such
as RAF, ERK, AKT, PKC, etc. are rather small, with molecular weights
below 100 kDa.

We utilized an EGF ligand from mouse which is commercially
available and labeled at the N-terminus with rhodamine (Thermofisher,
E3481). This ligand acts fundamentally the same way as human EGF
[45]. Images of individual vesicles were captured using a confocal mi-
croscope in three channels to measure: (i) the fluorescence of rhoda-
mine, attached to EGF, to quantify the ligand bound to the receptors in
the plasma membrane in each vesicle, (ii) the fluorescence of Alexa488,
linked to the anti-phosphoY antibody, to quantify phosphorylated EGFR
in the membrane, and (iii) the fluorescence of mTurq, linked to the re-
ceptor, to quantify EGFR in the plasma membrane in each vesicle. Data
were collected 1 h after adding the ligand and the ATP cocktail. This
time point was selected based on the kinetic phosphorylation traces for

TOOfmmmmmmm e e o
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receptor activation
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Fig. 2. Overview of experimental set up for transducer function measurements, as first described in [45]. Experiments are performed in single plasma membrane
derived vesicles. The binding of a fluorescent ligand to the receptors, tagged with fluorophores, is quantified to obtain the ligand binding curve (the stimulus). The
recruitment of fluorescent antibody to phosphorylated tyrosines is quantified to obtain the receptor activation curves (the response). The transducer function is the

mathematical link between the response and the stimulus.
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individual vesicles, which indicated that the signal stays constant after
30 min [45].

One vesicle, imaged in the three channels in the presence of 5 nM
EGF, is presented in Fig. 3A. 3085 vesicles were analyzed after imaging
in the three channels while varying the concentration of rho-mEGF.
Fig. 3B shows the ligand binding data. The left side shows the ligand
binding curves measured in the experiment where Y1068 phosphory-
lation was assayed simultaneously. The right side shows the ligand
binding curves measured in the experiment where Y1173 phosphory-
lation was assayed simultaneously. The y-axis represents the ratio of: (i)
the fluorescence of membrane-bound rhodamine-EGF for each vesicle
and (ii) the fluorescence of EGFR-mTurq in the same vesicle. This ratio is
proportional to the ligand-bound EGFR fraction, fyoung, and is scaled to
1. Specifically, the average bound fraction at high concentration is set to
1, and all the data are scaled accordingly. The x-axis in Fig. 3B represents
the ligand concentration.

Fig. 3C displays the phosphorylation of Y1068 (left) and Y1173
(right) as a function of ligand concentration, representing the dose
response curves. The y-axis shows the ratio of: (i) the fluorescence of
AlexaF488, linked to the anti-pY antibody, and (ii) the fluorescence of
EGFR-mTurq. These values are proportional to the extent of EGFR
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Fig. 3. Quantitation of rho-EGF binding and EGFR phosphorylation. (A) One
vesicle imaged in three different scans in the presence of 5 nM rho-mEGF. (B)
Binding curves in experiments set up to simultaneously probe the phosphory-
lation of one tyrosine, either Y1068 or Y1173. Shown is the ratio of rhodamine-
EGF to EGFR-mTurq, scaled to 1. Each data point is derived from one vesicle.
(C) Phosphorylation of EGFR, measured through recruitment of AlexaFluor488
anti-pY1068 or pY1173 EGFR antibody to EGFR on the membrane. Each point
represents one individual vesicle, and is given by the ratio of either anti-pY1068
fluorescence or anti-pY1173 fluorescence and EGFR-mTurq fluorescence,
without scaling. (D) Phosphorylation in response to ligand binding. Data are
corrected to remove the contribution of constitutive EGFR activation in the
unliganded EGFR dimers. Correction protocol is in [45]. Data are replotted
from [45].
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phosphorylation. All Y1068 data are on the same scale, and all Y1173
data are on the same scale.

We see that the phosphorylation at zero ligand in Fig. 3C is different
from zero. This occurs because EGFR can be auto-phosphorylated at zero
ligand, but cannot activate efficiently downstream signaling [79,80].
We corrected the dose-responses for the contribution of the unliganded
EGFR dimers using a thermodynamic model of EGFR association and
previously measured EGFR-EGF and EGFR-EGFR binding constants
[49]. Details of the correction are given in ref. (45). The dose-response
curves after correction are shown in Fig. 3D.

The transducer function is obtained by plotting the corrected dose-
responses in Fig. 3D versus the stimulus (fpounq in Fig. 3B), and is
shown in Fig. 4A. Each data point in Fig. 4A corresponds to one indi-
vidual vesicle. The two unknowns, Ryax and Kpesp, are determined by
fitting the individual vesicle data in Fig. 4A using Eq. (2). Fig. 4B shows
the fits and the binned data. For Y1068 phosphorylation, Kesp (the
ligand-bound receptor fraction that yields 50 % of Ry,x) was determined
to be 0.40 + 0.03. Ryax (the maximum possible phosphorylation) was
determined as 0.95 & 0.03. For Y1173 phoshorylation K5, was deter-
mined to be 0.86 & 0.08 and R,ax to be 0.39 4= 0.02.

As the fluorescent properties of the anti-Y1068 and anti-Y1173 an-
tibodies differ, the two Ryax values differ as well. This fact is taken into
account by plotting the normalized transducer function, Rphospho/Rmax
given by Eq. (4), in Fig. 4C. The Y1068 and Y1173 phosphorylation
efficiencies are calculated as the normalized transducer function values
at fpound to 1. They are 0.71 + 0.02 and 0.54 + 0.02 for Y1068 and
Y1173, respectively. These efficiencies are the maximum phosphoryla-
tion fractions achieved when all receptors are ligand-bound.

4. Conclusions and implications

RTKs are crucial for human health, development, and disease, and
have thus been the topic of biomedical research studies for decades.
Biophysical research in the RTK literature thus far has focused primarily
on ligand-RTK binding [49,57,81,82] and on the interactions between
RTKs in the presence of ligand and at zero ligand [28,29,83-85]. These
studies have provided very important insights about the behavior of the
RTKs, but it is not clear yet how these insights relate to RTK function. To
obtain a comprehensive picture of signal transduction, we need to start
quantifying the function response, and understand how different aspects
of the interaction network underlie this function. Here we present one
method to measure the phosphorylation of the receptors in direct
response to ligand binding. We are looking forward to the development
of additional methodologies to quantify RTK function, as we continue
our quest to understand RTK behaviors.

The discussed methodology was developed to quantify EGFR phos-
phorylation, but can be used to study many different RTKs. The major
limitation is the availability of specific anti-pY antibodies that can
recognize their target tyrosine in the context of the folded kinase domain
of the RTK in the plasma membrane. Tyrosines Y1068 and Y1173 are
located in the unstructured long tail of EGFR, such that antibody binding
to them is not obstructed.

The plasma membrane vesicles are derived from cells, and are thus
better mimics of the plasma membrane than other models systems such
as nanodisks. However, many aspects of the structure of the plasma
derived vesicles are not fully understood. Lipid asymmetry is difficult to
probe, as molecules which bind specific lipid components can access
both leaflets. The lateral organization of the vesicles has not been
characterized. We are looking forward to future studies that will bring
clarity on the nature of the vesicles. In addition, we are looking forward
to investigations which enrich or deplete lipid components of the vesi-
cles to uncover if the lipid composition affects the transducer function.

The method and the model system overviewed here represent an
expansion of the biophysics toolkit to study signaling. The described
approach can provide mechanistic insights about different aspects of
RTK activation. For instance, the methodology is well suited to uncover
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Fig. 4. The plot for the rho-mEGF EGFR transducer function. (A) Phosphory-
lation response in Fig. 3D vs ligand bound EGFR fraction (binding in Fig. 3B).
The solid lines represent the best-fit transducer function that was obtained from
all the single vesicles data using (Eq. (2)) (B) Binned single-vesicle data, shown
along with the fits to all the data. The standard errors are smaller than the
symbols. (C) The normalized transducer function, as given by Eq. (3). Data are
replotted from [45].

cooperative effects in the phosphorylation of the different EGFR tyro-
sines. Noteworthy, there are many tyrosines in the tail of EGFR which
can be phosphorylated, in addition to Y1068 and Y1173. The transducer
functions for the different tyrosines can be measured, provided that
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suitable antibodies are raised. Through mutagenesis of selected tyro-
sines, we could gain mechanistic insights into the degree of coopera-
tivity of tyrosine phosphorylation.

The phosphorylation of Y1068 and Y1173, assayed here, has pro-
found importance for EGFR signaling. Y1068 phosphorylation results in
Grb2 and Gabl recruitment and the initiation of AKT and STAT3/5
signaling pathways [86-88]. Y1173 phosphorylation leads to Shc
recruitment of and the initiation of the MAPK/ERK signaling cascade
[86]. Here we find differences in the phosphorylation of these two ty-
rosines, manifested in different values of Kesp and the phosphorylation
efficiencies. Kregp is the ligand-bound receptor fraction that yields 50 %
of Ryax. A smaller Kesp indicates more efficient phosphorylation. The
value Kresp — 0 denotes a true full agonist, and corresponds to a phos-
phorylation efficiency of — 1. Since the phosphorylation efficiencies of
Y1068 and Y1173 for EGF are smaller than 1, we conclude that EGF is a
partial agonist for both responses.

Kiesp for Y1068 phosphorylation was determined to be the smaller of
the two (0.40 + 0.03 versus 0.86 + 0.08), indicating that EGF-mediated
Y1068 phosphorylation is more efficient than Y1173 phosphorylation.
This difference will lead to differential activation of the signaling cas-
cades originating at these tyrosines. The manifestation of these differ-
ences in different cell lines will be likely different, due to differences in
the identities and abundance of downstream signaling effectors [66].
Measurements of transducer functions in plasma membrane derived
vesicles therefore can help separate effects that occur in the membrane
in direct response to ligand binding from effects due to signal amplifi-
cation and feedback loops in different cellular contexts. This will bring
more complete understanding of the differential effects of RTK ligands
and of the effects of RTK pathogenic mutations on discrete signal
transduction steps [45].

It has been shown that different ligand and pathogenic mutations
alter the preferences for phosphorylation of different tyrosines [45]. The
transducer function reports directly on such preferences, through the
values of Keesp. Thus, different EGFR pathogenic mutants can be char-
acterized using the technique described here, and their transducer
functions can be compared. A notable example of high impact studies
benefiting from transducer function measurements will be the compar-
isons of different EGFR mutations causing non-small cell lung carcinoma
(NSCLC). NSCLC represents over 85 % of all lung cancers and is asso-
ciated with high mortality [89,90]. This cancer is due to EGFR mutations
in approximately 10-15 % of Caucasian patients and in up to 50 % of
Asian patients. Of the single amino acid mutations, the L834R mutation
is the most common one, accounting for about 40-45 % of the cases
where EGFR is mutated. Known uncommon NSCLC EGFR mutations
include (i) the G893X mutation, where X can be C, A, S, or D, (ii) the
L837Q mutation, and (iii) the S7441 mutation [91-93]. These uncom-
mon mutations account for about 10 % of the NSCLC cases with mutated
EGFR. It is known that patients with these mutations exhibit 30 % lower
progression-free survival when treated with tyrosine kinase inhibitors
used in patients with the L834R mutation, implying functional differ-
ences. This suggests that the signaling of these EGFR mutants may be
fundamentally different from the common L834R mutant, and from the
wild-type. It can be hypothesized that the transducer functions are
different for the wild-type and for the different mutants. This hypothesis
can be tested with the methodology described here. Further, the meth-
odology can be used to screen for molecules that bind the mutant EGFRs
and alter the transducer function so it is similar to the transducer
function of the wild-type. Such novel biased inhibitors will not block
signaling, just alter it, and will therefore be less likely to induce
resistance.
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