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The epidermal growth factor receptor (EGFr), when expressed

on the cell surface, has long been known to display two distinct

affinities for epidermal growth factor (EGF) binding. In addition,

the treatment of cells expressing the EGFr with phorbol esters

has been shown to cause a loss of the high-affinity binding

capacity of the receptor. In the present study, point mutations

that alter acidic or phosphorylation sites have been made in an

intracellular domain near Tyr-992 (residues 988–992) of the

EGFr. Equilibrium "#&I-EGF binding studies demonstrate that

the conversion of Tyr-992 into glutamate induces a 4-fold

decrease in the EGFr apparent low-affinity dissociation constant,

whereas the mutation of two acidic residues, Asp-988 and Glu-

991, or the conversion of Tyr-992 into phenylalanine does not

alter EGFr affinity. Phorbol ester treatment of EGFr-expressing

Chinese hamster ovary cells results in a loss of high-affinity

INTRODUCTION

The epidermal growth factor receptor (EGFr) is a 170 kDa cell-

surface receptor that is a member of the ErbB family of signalling

receptors. When expressed on the cell surface, the EGFr has been

shown to possess two distinct affinities for binding epidermal

growth factor (EGF) despite the fact that only one translation

product of the EGFr gene is expressed [1]. The two affinities are

typically invoked on the basis of Scatchard EGF binding plots

that display a distinct concave upwards curvature. The high-

affinity binding interaction is generally accepted to have a dis-

sociation constant of less than 1 nM, whereas the low-affinity

dissociation constant is 6–12 nM. High-affinity receptors com-

prise 1–10% of the total receptor population, as shown by

equilibrium binding in many cell types. The regulation of the

affinity of the EGFr has been a topic of study for several years,

yet the molecular mechanism responsible for the bimodal affinity

has not been resolved. It is clear that the extracellular domain

of the EGFr exhibits two distinct epitopes that are correlated with

the two affinities of binding of EGF, on the basis of monoclonal

antibody binding that can block either high-affinity or low-

affinity EGF binding to the EGFr [2–5]. The means by which the

EGFr presents these two ligand-binding sites has been discussed

for many years.

Two types of model for explaining the heterogeneous affinities

of the EGFr have been described: those based on extracellular

regulation and those based on intracellular regulation. Clear

evidence that complexes of EGF and a soluble extracellular
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binding and an increase in the apparent low-affinity dissociation

constant of the receptor, similar to the effect of a truncation

mutant in which the C-terminal 190 residues are deleted. These

results are examined in the context of a new model for regulation

of the affinity of the EGFr for EGF in which a cytosolic particle

stabilizes the high-affinity conformation of the EGFr and a rapid

equilibrium exists between EGFr high-affinity and low-affinity

conformations. This model demonstrates that the macroscopic

affinities of the EGFr can differ from the affinities of individual

EGFr molecules and provides a theoretical framework whereby

themeasured affinities of theEGFr aremodulated by intracellular

interactions.

Key words: dissociation constant, equilibrium, ErbB family,

signalling.

EGFr domain interact to form dimers with altered EGF affinity

was shown by Lemmon et al. [6], who also demonstrated that

such interactions do not permit the concave-upwards Scatchard

plots found for EGF binding to intact cells. A similar conclusion

about the inability of receptor dimerization to explain the

heterogeneous affinities of the EGFr was reached by Wofsy et al.

[7]. It has been shown by Wiley [8] that increased receptor density

can modulate the binding kinetics of EGF association and

dissociation with the EGFr. Receptor density has also been

suggested to have a role in the modulation of formation of EGFr

dimers that have an altered ligand affinity compared with

monomeric receptors [9]. However, invocation of this phenom-

enon can explain neither the small fraction of high-affinity EGFr

of the total receptor pool found on cells nor the consistency with

which heterogeneous affinities of EGF binding are seen on cells

that express a range of EGFr densities.

Strong evidence exists that the intracellular domain of the

EGFr has a key role in the regulation of extracellular EGF

binding affinity. The role of the cytoplasmic tail of the EGFr in

regulating receptor affinity has been studied by using a variety of

deletion mutants, with somewhat conflicting results. Truncation

of the C-terminus to residue 1126 resulted in the abolition of

high-affinity binding [10], whereas deletion to residues 1060 [11]

or 963 [12] did not affect ligand binding. An internal deletion of

the putative actin-binding domain (residues 984–996) of the

EGFr resulted in a decreased low-affinity dissociation constant

of the EGFr, whereas the deletion of residues 921–940 abolished

high-affinity binding [12].
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Further evidence of an intracellular mechanism for EGFr

affinity regulation is found in published results in which the

treatment of cells with phorbol ester abolished high-affinity EGF

binding of the receptor via a mechanism that is not understood.

Protein kinase C (PKC), which is activated by phorbol esters,

phosphorylates theEGFr atThr-654 [13,14], but phosphorylation

at this residue is independent of the regulation of receptor affinity

[14,15]. Thus serine or threonine phosphorylation of intracellular

proteins other than the EGFr might be responsible for the

modulation of EGFr affinity for EGF.

At least three different intracellular associations have been

suggested to mediate the dual affinity states of the EGFr.

Association of theEGFr with the cytoskeleton has been suggested

to regulate the affinity of the EGFr on the basis of the finding

that high-affinity EGFr associates preferentially with the cyto-

skeleton [16–18]. Dynamin, a GTPase that is required for the

formation of clathrin-coated vesicles, associates with SH3-

containing proteins as well as other membrane components

[19]. Overexpression of a K44A mutant, catalytically inactive

dynamin in HeLa cells eliminates the high-affinity population of

EGFr [20], suggesting that overexpressed dynamin might seques-

ter one or more EGFr-regulating proteins. Walker and Burgess

[21] found that soluble, phosphorylatable cytoplasmic proteins

function to regulate EGFr affinity. In that study, 3T3 fibroblast

membrane preparations in which tyrosine kinases were activated

were found to release phosphoproteins concomitant with the loss

of high-affinity EGFr. The high-affinity state of the EGFr was

reconstituted in the presence of alkaline phosphatase and released

proteins, but not in the absence of either alone. These latter

findings, in combination with new results presented here, form

the basis of a new model of EGFr affinity regulation described

in the present paper.

The essence of this model is that two separate extracellular

conformations of the EGFr exist and that these conformations

interact with EGF with distinctly different affinities. An in-

tracellular molecule is postulated to trap a small fraction of the

receptors in the high-affinity conformation, whereas the re-

mainder of the receptors are found in dynamic equilibrium

exchange between the high-affinity and low-affinity confor-

mations. This exchange is the unique new feature of this model

and is necessary to explain an enhanced affinity of the apparent

(or macroscopic) low-affinity binding property of an EGFr with

a point mutation at its most N-terminal tyrosine auto-

phosphorylation site, Tyr-992. The cytosolic domain of the

EGFr that has been shown to map to the actin-binding property

of the receptor is coincident with this tyrosine auto-

phosphorylation site [12,22,23]. Additionally, this short amino

acid sequence is located close to the region of the receptor that

targets activated EGFr for coated-pit-mediated internalization

[24–26]. Recent work has shown that negatively charged residues

within this domain slow the internalization rate of the EGF-

bound EGFr [27]. The region around Tyr-992 is therefore a very

active molecular interaction site that has a role in several aspects

of EGFr function.

In the study presented here, specific point mutations have been

made within residues 984–996 of the EGFr, and an examination

of the role of this region in regulation of ligand binding affinity

has been undertaken. These mutations have demonstrated that

negative charge at residue 992, an SH2 binding site in the wild-

type receptor, enhances the affinity of the EGFr for EGF,

whereas alteration in other negatively charged sites within this

domain has no effect on ligand binding affinity. Additionally, a

truncation mutant has shown that a domain within the C-

terminal 190 residues of the EGFr is necessary for the regulation

of the affinity of the EGFr. The domain responsible for the

phorbol-ester-induced loss of receptor affinity has also been

localized to the C-terminal 190 residues of the EGFr.

EXPERIMENTAL

Cell lines

Chinese hamster ovary (CHO) cells of the CHO-K1 subline and

A431 cells were purchased from the American Type Culture

Collection (Manassas, VA, U.S.A.). CHO cells expressing the

wild-type EGFr were a gift from Roger Davis (University of

Massachusetts Medical Center, Worcester, MA, U.S.A.) [14,15].

Cell culture

CHO cells do not express detectable levels of endogenous EGFr

and were therefore an excellent choice for the expression of

EGFr in these studies. All CHO cell lines were maintained in

Ham’s}F12 nutrient medium (Gibco, Grand Island, NY, U.S.A.)

supplemented with 5% (v}v) fetal bovine serum (Summit Bio-

technology, Fort Collins, CO, U.S.A.) (complete medium). The

generation of the site-directed EGFr mutants and transfection of

CHO cells has been described previously [27]. A431 cells, which

are of human epidermoid carcinoma origin, were used as a

control because they endogenously express approx. 10' EGFr on

their cell surfaces. These cells were maintained in DMEM

(Dulbecco’s modified Eagle’s medium) (Gibco) with 5% (v}v)

fetal bovine serum. All cells were maintained in a humidified

37 °C incubator in air}CO
#

(19:1).

Binding assays

Cells were plated in 48-well polystyrene tissue culture plates at a

density of 10% cells per well in 0.5 ml of complete medium. The

cells were allowed to grow for 3 days at 37 °C in air}CO
#
(19:1).

Before EGF binding experiments, the cells were serum-starved in

Ham’s}F12 medium alone for 24 h. Three wells were treated

with trypsin and the cell number per well was determined. The

medium for other wells was replaced with cold serum-free

Ham’s}F12 and the plates were pre-chilled at 4 °C for at least

20 min before the initiation of each experiment to block receptor

internalization. For experiments with PMA (Sigma Chemical

Co., St Louis, MO, U.S.A.), cells were treated with 10 nM PMA

for 30 min at 37 °C before being chilled and, subsequently,

during the pre-chill.

Medium was aspirated from the pre-chilled wells and replaced

with 50 µl of binding medium consisting of Ham’s}F12

medium supplemented with 0.1% BSA (Sigma) and containing

various concentrations of mouse EGF (Harlan Bioproducts,

Indianapolis, IN, U.S.A.) plus "#&I-EGF (Amersham, Arlington

Heights, IL, U.S.A.). Each assay was performed in triplicate

wells. The concentrations of EGF added ranged from 16.3 pM to

24.45 nM. "#&I-EGF was used alone up to 0.815 nM, then non-

radioactive EGF was added to this amount of "#&I-EGF in the

remaining samples to complete the required mass of ligand. Cells

were incubated with EGF at 4 °C for at least 6 h to allow binding

to reach equilibrium. The EGF-containing solution was then

removed from each well to a 10 mm¬75 mm polypropylene

tube. The cells were washed twice with approx. 250 µl of ice-cold

PBS and the washes were added to the polypropylene tube,

which was counted as the unbound fraction. The cells were then

solubilized with 250 µl of ice-cold 0.62 M NaOH for 2–3 min;

this sample plus a single 0.5 ml ice-cold PBS wash were removed

to a polypropylene tube and counted as the bound fraction of

EGF. Samples were counted for 5 min in a gamma counter. The

results presented are averages of at least three experiments.
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Scheme 1 Standard two-site (A) and ternary complex (B) models of EGFr
affinity regulation

The ternary complex model employs particle A, which is in limiting concentration, trapping a

fraction of the total number of EGFr in the high-affinity binding conformation [(B), top

complexes]. The remaining EGFr are in equilibrium exchange, producing a mixed macroscopic

dissociation constant with a value between those of the molecular Khi and Klo conformations

[(B), bottom pair of coupled reactions].

Data analysis

"#&I-EGF equilibrium binding data was analysed with two

different binding schemes. The first, a standard published ap-

proach used to analyse equilibrium ligand binding, assumed two

independent, saturable types of EGF binding sites on each cell

line (Scheme 1A). Each type of site had a distinct EGF

dissociation constant and number of sites per cell. Given the

definitions R
hi
, R

lo
, K

hi,macro
and K

lo,macro
for, respectively,

the numbers of binding sites of high and low affinity and the

dissociation constants for these sites, the expression relating total

EGF binding to the concentration of EGF ([E]) is :

Bound¯
R

hi

1­
K

hi,macro

[E ]

­
R

lo

1­
K

lo,macro

[E ]

. (1)

The second binding model (Scheme 1B) employed a modified

ternary complex system similar to, but extended beyond, that

analysed by Mayo et al. [28]. The chief difference between the

model of Mayo et al. and that presented here lies in a rapid

interconversion between the two conformations of the EGFr

that correspond to low and high affinity of the receptor for EGF.

This interconversion, with equilibrium constant K, results in a

macroscopic apparent low-affinity dissociation constant of the

interconvertingmixture of receptors that assumes a value between

the molecular dissociation constants of the two EGFr confor-

mations. This thermodynamic mixing of states produces a

macroscopic low-affinity dissociation constant that can vary as

a function of K. This capability was found necessary to ac-

commodate an elevated macroscopic low-affinity dissociation

constant found for one of the EGFr mutants. Further de-

velopment of the biological basis of this ternary complex EGFr

binding model is given in the Discussion section.

Conservation of mass of EGFr and particle A requires that :
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where R
t
and A

t
are the total numbers of EGFr and A particles

per cell, and square brackets represent the concentrations of

species shown in Scheme 1(B). The equilibrium dissociation

constants in Scheme 1(B) are defined as:
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In these expressions, [E] is the concentration of free EGF in the

medium, which is assumed to be constant for all experiments.

This was confirmed by direct measurement (results not shown).

The last two relations in eqns (3) show explicitly that the

dissociation constants within each cyclic reaction pathway are

coupled.

From eqns (2) and (3) the expression relating free and bound

EGF for this model is :
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where symbols are defined as above and in Scheme 1 with the

following additional definitions:
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Each of the dissociation constants represents the actual time-

averaged molecule–molecule interaction between species ; thus

the dissociation constants are molecular. For the EGF–EGFr

dissociation constants, each can be ascribed to a distinct extra-

cellular conformation of the EGFr. As will be discussed more

fully below, the bottom reaction cycle in Scheme 1(B) mixes the

two EGFr dissociation constants for the high-affinity and low-

affinity conformations of the receptor, with the result that a

single macroscopic dissociation constant of intermediate value is

detected in an equilibrium binding experiment. Because two

states collapse into one blended state within this model, it is not

possible to distinguish between the high-affinity EGFr con-

formation that is bound to particle A and the high-affinity

conformation that is not. For this reason, in what follows, the

assumption is made that these two conformations are identical.

The mathematical consequences of this assumption are that

K
hi
«¯K

hi
, K

A
«¯K

A
and c¯ a.
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The difficulty or ease with which EGF equilibrium binding

data can be analysed in the context of this ternary complex

model depends on the quality of the data and the underlying

biochemical properties of the system. Most cell lines that express

EGFr have only a small number of measurable high-affinity

binding sites. In the ternary complex model shown in Scheme

1(B), this indicates that a small population of occupied binding

sites represents the fraction of receptors bound to A particles.

Thus the parameters of the model related to this fraction, A
t
and

K
A
, are difficult to extract with a high degree of accuracy from

the data. This intrinsic property of the biochemical system,

which places a similar constraint on R
hi

and K
hi,macro

in the two-

independent-site model (Scheme 1A), will be seen in the high

uncertainties for these parameters in the analysis that follows.

Binding data in the form bound versus [EGF] were fitted to

each of the models by using a Marquardt–Levenberg least-

squares technique implemented in IGOR Pro (Wave Metrics,

Lake Oswego, OR, U.S.A.). All "#&I-EGF data fits employed

both bound and unbound fractions. After correction for dilution

with unlabelled EGF and calibration against a standard curve,

the non-specific binding of "#&I-EGF was calculated by fitting the

four highest EGF concentration data points to a two-site

model in which the non-specific site was assigned a dissociation

constant of 1 M and the number of sites per cell was allowed to

vary. Subsequent analysis employed this low-affinity binding as

a fixed pair of parameters that represented the non-specific EGF

binding in each experiment. The two chief advantages of this

approach over the more common use of a very large excess of

unlabelled ligand are that the non-specific binding is measured at

concentrations of EGF much closer to those used in the

experiment and much less ligand is required. The former ad-

vantage ensures that non-specific binding with a multiplicity

of affinities are sampled at ligand concentrations internally

consistent with those used in any given experiment.

The standard two-site model parameters were fitted directly ;

all four free parameters (two dissociation constants and two

receptor surface concentrations) were allowed to vary freely. The

ternary complex model was fitted iteratively, first with all

parameters (four dissociation constants, total receptor number

and total number of particles A) allowed to vary, then with all

parameters except the conversion constants K and K
A

[the

dissociation constant for the EGFr and the associated particle

(Scheme 1B)] allowed to vary freely. A second independent fit of

the ternary complex model held the molecular high-affinity and

low-affinity dissociation constants K
hi

and K
lo

fixed at 0.001

and 20 nM respectively, with all other parameters allowed to vary

freely. This fit was done to determine whether the EGF binding

properties of all mutant EGFr were consistent with the idea that

all EGFr constructs displayed an identical pair of extracellular

conformational states responsible for the molecular dissociation

constants, with variations in the macroscopic, mixed-state dis-

sociation constants due to changes in the extent of EGFr

interconversion and interaction with particle A.

RESULTS

Ligand binding

The role of negative charges in the vicinity of Tyr-992 in the

EGFr intracellular domain in modulation of EGFr internal-

ization has been described [27]. The role of these charges in

modulation of EGFr affinity for EGF is examined here. In brief,

four specific mutations were made at positions that are at or near

the most N-terminal of the tyrosine autophosphorylation sites

within the EGFr. Two of these mutants, Asp-988!Asn (D988N)

and Glu-991!Gln (E991Q), convert negatively charged amino

acids into their uncharged analogues. Two mutations also were

made at Tyr-992. One converted the tyrosine residue into

phenylalanine (Y992F) to mimic the uncharged state of non-

phosphorylated Tyr-992; the second conversion was into a

glutamic residue (Y992E) to mimic the negative charge resulting

from the phosphorylation of Tyr-992.

In addition, a truncation mutation was produced while gen-

erating the E991Q mutants. This mutation truncated the EGFr

after Gln-996 (E991Qt
**'

), which removes 190 residues from the

C-terminus of the receptor.
"#&I-EGF equilibrium binding studies were performed on cell

lines that expressed the various mutant EGFr. In addition,

experiments were performed on CHO cells expressing the wild-

type EGFr, A431 cells endogenously expressing wild-type EGFr,

and untransfected control CHO cells expressing undetectable

levels of EGFr. The results generated in the binding experiments

were fitted to a binding model that assumed the existence of two

independent populations of EGFr, each with a distinct affinity

for EGF. This is the standard model used by most authors to

analyse EGFr binding affinity. This fitting routine calculated the

receptor number for both the high-affinity and low-affinity

populations as well as the corresponding dissociation constants

as described in eqn (1). The results for each of the cell lines, with

the exception of E991Qt
**'

(see below) and untransfected CHO

cells (which showed no detectable specific EGF binding; results

not shown), demonstrated that the wild-type and mutant

receptors displayed two distinct populations with different

affinities for EGF (Table 1). Variation between experiments was

large in some instances, particularly in the number of receptors

per cell and in the high-affinity dissociation constant. The former

was due largely to variability in the numbers of cells plated in

each experiment; this variability did not affect the determination

of dissociation constants or the relative numbers of high-affinity

and low-affinity sites. The latter was to be expected because only

a small amount of "#&I-EGF was bound to the population of

receptors that displayed a high affinity for EGF. Statistical

analysis indicated that only the Y992E mutant EGFr displayed

significantly different values of the low-affinity dissociation

constant (95% confidence level) and the high-affinity dis-

sociation constant (90% confidence level) in comparison with

wild-type EGFr.

Scatchard analyses of representative experiments for the wild-

type EGFr and the E991Q, E991Qt
**'

and Y992E mutant EGFr

are shown in Figure 1. To put these experiments on the same

plot, each data set was scaled relative to its fitted number of total

receptors, i.e. all binding data were scaled to a maximum relative

binding of 1. The differences in the slopes of the Scatchard plots

reflect the differences between high-affinity and low-affinity K
d

values and relative numbers of high-affinity and low-affinity

binding sites for each experiment. Also plotted in Figure 1 are the

curves derived from the fits for each of the data sets. Included are

the fits to the standard two-site model as described above, along

with two fits to the ternary complex model as described below. In

all cases except one of the E991Qt
**'

ternary complex fits, the

curves align very well with the data points.

These results suggest that EGF–EGFr binding properties are

unaffected by point mutations near Tyr-992 that alter negative

charges, with the exception of Tyr-992!Glu. The addition of a

permanent negative charge at residue 992 increased the apparent

affinity of the receptor 4-fold for the dominant low-affinity

population of receptors ; this result is statistically significant at

the 95% confidence level by a t test. The high-affinity population

also displayed an increased affinity for EGF, although this result

is not significant at the 95% confidence level, due primarily to

the relatively small number of high-affinity sites in cells expressing
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Table 1 125I-EGF binding to cells expressing wild-type and mutant EGFr
125I-EGF equilibrium binding data for A431 and CHO cells expressing wild-type and mutant EGFr. The data were fitted to a standard two-affinity binding model as described in the text. Receptor

number per cell and dissociation constants are given for both the high-affinity (Rhi, Khi,macro) and low-affinity (Rlo, Klo,macro) interactions as well as the percentage of total receptors that were of high

affinity. Values for number of receptors and Kd are shown as means³S.D. for fit values from n experiments on each cell line. Dissociation constants that were significantly different, on the basis

of a t test, from those of wild-type EGFr expressed in CHO cells are denoted as follows : *P ! 0.1 ; **P ! 0.05.

Receptor n 105¬Rlo Klo,macro (nM) 103¬Rhi Khi,macro (nM) Proportion high affinity (%)

A431 4 13³2 5.7³0.7 5³5 0.02³0.02 0.4

Wild-type 6 8³9 6.0³1.8 20³17 0.07³0.05 2.5

D988N 4 1.6³1.1 6.7³3.0 5.2³2.1 0.09³0.04 3.1

E991Q 5 2.0³1.1 5.2³1.7 8.8³4.0 0.06³0.05 4.4

E991Qt996 3 2.2³1.7 20³10 0.09³0.13 0.19³0.23 0.04

Y992E 3 0.8³0.2 1.6³0.8** 1.7³1.0 0.01³0.01* 2.1

Y992F 5 4.2³1.7 6.5³2.2 11³6 0.11³0.10 2.5

Figure 1 Scatchard plots of 125I-EGF binding to EGF receptors as
expressed on the surfaces of CHO cells

Included are data points from individual experiments for the wild-type (E), Y992E (*), E991Q

(_) and E991Qt996 (^) EGFr. Smooth curves are fits to the standard two-site model (solid

lines), the ternary complex model with all parameters allowed to vary (broken lines) and the

ternary complex model with the high-affinity and low-affinity dissociation constants held fixed

at 0.001 and 20 nM respectively (dotted lines). Fits to each model are indistinguishable within

the thickness of the lines except for one of the fits to the E991Qt996 data, thus most broken and

dotted lines are not visible in the plot.

wild-type and mutant EGFr. Thus an increased negative charge

at Tyr-992 induced a strong shift of the low-affinity dissociation

constant of the EGFr towards a higher affinity.

Ternary complex model

In the context of the standard model of EGF–EGFr interaction,

the above results imply that a novel extracellular conformation

of the EGFr was produced by the point mutation Y992E. This

inference is necessary because the standard model provides no

mechanism whereby the measured, macroscopic affinities of

binding of EGF can be modulated other than by direct alteration

of the extracellular domain of the receptor. This seems im-

plausible, particularly because there is no other published evi-

dence suggesting that the several molecular interactions known

to involve Tyr-992 induce such a conformational change. An

alternative model for the EGF–EGFr interaction has therefore

been examined; this model invokes only the two wild-type

extracellular conformations of the EGFr and yet is capable of

predicting the observed shift of the low-affinity dissociation

constant for the Y992E receptor as well as the non-linear

Scatchard plots found for EGF–EGFr binding.

Scheme 1(B) shows the ternary complex model for the regu-

lation of EGFr binding affinity. This model incorporates three

molecules : EGF, the EGFr and a third accessory molecule A.

The function of the accessory molecule is to trap a subset of

EGFr that are in the high-affinity conformation. This interaction

is governed by dissociation constant K
A
. Those receptors that are

not trapped by particle A are free to interconvert between the

high-affinity and low-affinity conformations. This exchange be-

tween affinity conformations, governed by the equilibrium con-

stant K, results in a single macroscopic dissociation constant that

is intermediate between the actual molecular dissociation con-

stants K
hi

and K
lo
. Such equilibrium mixing, driven by simple

thermodynamic energetics, does not occur in the standard model

for EGFr binding because the high-affinity and low-affinity

conformations are explicitly independent of each other and

therefore do not interconvert. It is this equilibrium mixing step,

in combination with the trap for the high-affinity conformation

of the EGFr, that makes this ternary complex model capable of

describing the behaviour of wild-type and mutant EGFr, in-

cluding Y992E. The key element in this model compared with

other models is the rapid interconversion of EGFr between the

high-affinity and low-affinity conformations. This mixing

produces a macroscopic, observable ‘ low’ affinity for EGF that

lies between the actual molecular affinities K
hi

and K
lo

of the two

receptor conformations. The macroscopic ‘high’ affinity for

EGF is identical with the molecular affinity of the high-affinity

conformation in the model as described here, although a simple

extension of the model to include conformation interconversion

for the A[EGFr complex would permit the model to generate a

mixed macroscopic ‘high’-affinity dissociation constant as well.

Because the mixed-state ‘ low’-affinity dissociation constant

obscures the two dissociation constants for the high-affinity and

low-affinity conformations of the receptor, it is not possible in

this model, when applied to equilibrium binding data, to dis-

tinguish between K
hi

and K
hi
« of Scheme 1(B). Lacking any

evidence that three independent EGFr extracellular confor-

mations exist, binding data are interpreted here as arising from

two independent EGFr extracellular conformations, i.e. K
hi

¯
K

hi
«. Thus, in the context of this ternary complex model,

macroscopic binding experiments report two apparent affinities

for EGF–EGFr binding, one of which represents a blend between

two interconverting receptor conformations. To keep these
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Table 2 125I-EGF binding to cells expressing wild-type and mutant EGFr fitted to the ternary complex model
125I-EGF equilibrium binding data fitted to the ternary complex model for A431 and CHO cells expressing wild-type and mutant EGFr. The ternary complex model employs the total number of receptors

per cell (Rt), the total number of A sites per cell (At), the molecular dissociation constants for the high-affinity and low-affinity conformations of the receptor (Khi and Klo respectively), the dissociation

constant for A (KA in sites per cell) and a conversion constant K (see Scheme 1). Values for these parameters are shown as mean³S.D. for fitted values from n experiments on each cell line.

Dissociation constants that were significantly different, on the basis of a t test, from those of wild-type EGFr expressed in CHO cells are denoted as follows : *P ! 0.1 ; **P ! 0.05. The E99Qt996
fits were not all convergent.

Receptor n 105¬Rt 103¬At Klo (nM) Khi (nM) 103¬KA K

A431 4 13³2 5³5 7³1 0.02³0.02* 10³20 100³200

Wild-type 6 8³9 20³20 8³2 0.04³0.02 0.4³0.5 3.9³0.2

D988N 4 2³1 5³2 8³4 0.05³0.06 0.2³0.2 3.8³0.4

E991Q 5 2³1 9³4 7³2 0.02³0.01* 0.2³0.2 4.0³0.3

E991Qt996 3 2³2 30³20 20³10 4³3 3000³1000* 3.1³0.4*

Y992E 3 0.8³0.2 2³1 2³1** 0.001³0.001** 0.1³0.1 3.8³0.2

Y992F 5 4³2 20³20 8³3 0.05³0.06 0.5³0.8 3.9³0.3

Table 3 125I-EGF binding to cells expressing wild-type and mutant EGFr
fitted to the ternary complex model with fixed Klo and Khi

125I-EGF equilibrium binding data fitted to the ternary complex model for A431 and CHO cells

expressing wild-type and mutant EGFr. This fit of the ternary complex model varied the total

number of receptors per cell (Rt), the total number of A sites per cell (At), the dissociation

constant for A (KA in sites per cell) and the conversion constant K (see Scheme 1). For this fit

the molecular high-affinity and low-affinity dissociation constants, Khi and Klo, were fixed at

0.001 and 20 nM respectively. Values for Rt, At, KA. and K are shown as means³S.D. for fitted

values from n experiments on each cell line. Dissociation constants that were significantly

different, on the basis of a t test, from those of wild-type EGFr expressed in CHO cells are

denoted as follows : *P ! 0.1 ; **P ! 0.05.

Receptor n 105¬Rt 103¬At 103¬KA K

A431 4 13³2 5³5 3³3 0.4³0.1

Wild-type 6 8³9 20³20 5³5 0.5³0.2

D988N 4 2³1 5³2 1.4³0.4 0.6³0.4

E991Q 5 2³1 9³4 1.5³0.8 0.4³0.1

E991Qt996 3 2³2 30³50 2000³2000 4³3

Y992E 3 0.8³0.2 2³1 0.3³0.4* 0.09³0.05**

Y992F 5 4³2 11³6 4³3 0.5³0.3

concepts separate in what follows, the true molecular dissociation

constants that result from direct molecule–molecule interactions

at the cell surface are referred to as K
hi

and K
lo

for the high-

affinity and low-affinity EGFr conformations as shown in Scheme

1(B). The macroscopic, observed high-affinity and low-affinity

dissociation constants are termed K
hi,macro

and K
lo,macro

respect-

ively. Because the functional form of the binding equation for the

ternary complex model [eqn (4)] is different from that for

the standard model for two independent sites, it is not possible

to derive a general relationship between K
lo,macro

, K
hi

and K
lo
.

However, when minimal binding between the EGFr and particle

A occurs, i.e. when K
A

approaches infinity, eqn (4) reduces to a

form identical with that of a standard single-site binding iso-

therm:

Fraction bound¯
[EGF ]

[EGF ]­K
lo,macro

(5)

where K
lo,macro

¯ (K
hi
­KK

lo
)}(1­K). Similarly, in the limit where

binding between the EGFr and particle A becomes very strong,

i.e. when K
A

approaches zero, K
hi,macro

can be shown to equal

K
hi
.

Two separate applications of the ternary complex model were

used to analyse the "#&I-EGF binding data for wild-type and

mutant EGFr. The first allowed all parameters in the model to

vary during the data fitting (Table 2). The second restricted K
hi

Figure 2 Scatchard plots of synthetic data created from the ternary
complex model and fits to the two-site model

Synthetic data were generated to mimic the wild-type EGFr (+), the Y992E mutant EGFr (E),

PMA-treated or E991Qt996 truncated receptor (D) and EGFr for which binding to the A particle

had been decreased (*). The synthetic data were fitted to the standard two-independent-site

model ; fits for each data set are shown by solid or broken lines.

and K
lo

to fixed values of 0.001 and 20 nM respectively for all cell

lines. This restricted fitting was done to determine whether all the

wild-type and mutant receptor binding results were consistent

with a model in which precisely two affinity-defining confor-

mations of the EGFr, which were present for all mutant receptors,

could account for the varied macroscopic binding constants seen

for the various cell lines. Table 3 shows the ternary complex

model parameter values for the fit in which K
hi

and K
lo

were held

fixed; in all cases this restricted form of the ternary complex

model fitted all wild-type and mutant receptors (Figure 1). Only

the Y992E mutant displayed K and K
A

values that were signifi-

cantly different from those of the wild-type receptor for this

latter fitting. Based on the premise of the model, this result

suggests that the Tyr-992!Glu mutation alters the inter-

conversion equilibrium between the high-affinity and low-affinity

conformations of the EGFr.
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Table 4 Parameters used for generation and returned from fitting of synthetic binding data

Four sets of parameters (Rt, At, Klo, Khi, KA and K) were used to generate synthetic EGF binding data from the ternary complex model as plotted in Figure 2. These data were then fitted to a standard

two-site binding model, for which the returned parametric values (Rlo, Rhi, Klo,macro and Khi,macro) are shown. The ternary complex input parameters were chosen to simulate four situations : normal

(wild-type), equilibrium mixing, favouring the high-affinity conformation (Y992E), decreased binding of particle A to the EGFr, concomitant with equilibrium mixing favouring the low-affinity

conformation (PMA/truncation), and decreased binding of particle A to the EGFr with normal mixing of the low-affinity and high-affinity conformations (increased KA).

Parameter Wild-type Y992E PMA/truncation Increased KA

105¬Rt 10 10 10 10

103¬At 20 20 20 20

Klo (nM) 20 20 20 20

Khi (nM) 0.001 0.001 0.001 0.001

KA 10 10 107 107

K 0.05 0.01 1 0.05

105¬Rlo 9.8 9.8 9.9 10

103¬Rhi 20 20 12 0.04

Klo,macro (nM) 0.95 0.20 10.0 0.95

Khi,macro (nM) 0.001 0.001 9.4 0.14

Table 5 125I-EGF equilibrium binding data for PMA-treated CHO cells expressing wild-type and mutant EGFr

Data were fitted to a standard two-site binding model as described in the text. The number of receptors expressed on the cell surface and dissociation constants are given for both the high-affinity

(Rhi, Khi,macro) and low-affinity (Rlo, Klo,macro) interactions as well as the percentage of total receptors that were of high affinity. Values for numbers of receptors and Kd are shown as means³S.D.

for fit values from n experiments on each cell line. None of the dissociation constants were significantly different from those of PMA-treated wild-type EGFr expressed in CHO cells. Dissociation

constants that were significantly different, on the basis of a t test, from those of the same mutant EGFr expressed in untreated CHO cells are denoted as follows : *P ! 0.1 ; **P ! 0.05.

Receptor n 105¬Rlo Klo,macro (nM) 103¬Rhi Khi,macro (nM) Proportion high affinity (%)

Wild-type 3 4³1 14³5 4³2 0.10³0.02 1

D988N 3 1.9³0.9 19³4** 0.2³0.3 0.05³0.04 0.1

E991Q 3 0.8³0.8 9³2* 0.5³0.7 0.1³0.1 0.6

E991Qt996 2 0.1³0.2 20³10 0.004³0.004 5³3 0.08

Y992E 4 2³1 7.8³0.9** 1³1 2³3 0.5

Y992F 4 2³2 11³3* 0.3³0.6 7³11 0.02

As noted above, the functional dependence on [EGF] of the

ternary complex model is very different from that of the standard

two-site model, yet both models generate remarkably similar

binding curves. To explore the relationship between the para-

meters of the ternary complex model (R
t
, A

t
, K

hi
, K

lo
, K

A
and K)

and those of the two-site model (R
hi
, K

hi,macro
, R

lo
, K

lo,macro
),

synthetic binding data were calculated with the ternary complex

model [eqn (4)] with four sets of parameters intended to mimic a

wild-type EGFr, the Y992E and E991Qt
**'

mutant receptors,

and a receptor for which binding to the A particle of the ternary

complex model is disrupted. As noted below, EGFr from PMA-

treated cells have binding properties similar to those of the

E99Qt
**'

mutant, so these receptors could be modelled with

the same parameters. These synthetic data are shown as data

points in Figure 2. The synthetic data were then fitted with

the standard two-site model [eqn (1)], with results shown by the

smooth curves in Figure 2. The parameters that were used to

generate the synthetic data and the values returned from the fits

to the two-site model are given in Table 4. These results illustrate

five features of the ternary complex model. First, it is capable of

producing binding data that closely mimic those of the standard

two-site model. Secondly, the macroscopic low-affinity K
lo,macro

returned by the standard two-site model is intermediate between

the molecular dissociation constants K
hi

and K
lo
. Thirdly, a

change in the equilibrium mixing constant K to favour the

high-affinity conformation decreases the macroscopic low-

affinity dissociation constant K
lo,macro

. Fourthly, a decrease

in affinity between the EGFr and A particle decreases R
hi

and

increases K
hi,macro

to values near that of K
lo,macro

, i.e. high-affinity

binding disappears. Lastly, increases in both K and K
A

are

necessary to decrease both high-affinity binding and increase

K
lo,macro

, a situation found for the E991Qt
**'

mutant and for

PMA-treated cells.

PMA-treated cells

The treatment of wild-type EGFr-expressing cells with phorbol

esters has long been known to decrease the number of high-

affinity EGF binding sites on the cell surface. To determine

whether the above mutations within the EGFr altered the

response of the receptors to phorbol esters, equilibrium binding

studies were performed on EGFr-expressing cells in the presence

of PMA. For all cell lines, mutant and wild-type, the treatment of

EGFr-expressing CHO cells with PMA decreased the number

of high-affinity EGF binding sites to a significant extent. Table 5

gives the parameter values from the standard two-site model fit ;

Table 6 gives values for the ternary complex model with K
hi

and

K
lo

held fixed at 0.001 and 20 nM respectively. For the standard

model fit, the fraction of sites that are of high affinity decreased

for all PMA-treated CHO cell lines in comparison with untreated

cells except the E991Qt
**'

mutant. The parameter values in Table

5 also suggest that a decrease of 1.5–3-fold in receptor affinity for

its ligand after treatment with PMA is statistically significant

for the low-affinity receptor population in most mutant EGFr. It

seems likely that PMA treatment of CHO cells expressing wild-

type and mutant EGFr induces a concomitant loss of high-

affinity binding sites and a decrease in binding affinity for the

low-affinity sites. In the context of the ternary complex model,

this suggests that fewer EGFr are trapped in the complex with
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Table 6 125I-EGF binding to PMA-treated cells expressing wild-type and mutant EGFr fitted to the ternary complex model with fixed Klo and Khi

This fit of the ternary complex model varied the total number of receptors per cell (Rt), the total number of A sites per cell (At), the dissociation constant for A (KA in sites per cell) and the conversion

constant K (see Scheme 1). For this fit the dissociation constants for the high-affinity-defining and low-affinity-defining extracellular conformations of the receptor, Khi and Klo, were fixed at 0.001

and 20 nM respectively. Values for Rt, At, KA. and K are shown as means³S.D. for fit values from n experiments on each cell line. None of the dissociation constants were significantly different

from those of PMA-treated wild-type EGFr expressed in CHO cells. Only the Y992F mutant receptor had a significantly different mixing dissociation constant K (t test, P! 0.1) when comparing

untreated and PMA-treated cells ; all other dissociation constants for mutant and wild-type receptors were not significantly different from the values for untreated cells.

Receptor n 105¬Rt 103¬At 103¬KA K

Wild-type 3 4³1 4³2 1.0³0.8 5³6

D988N 3 1.9³0.8 2³2 1500³1400 30³40

E991Q 3 0.8³0.8 6³5 2000³2000 0.8³0.3

E991Qt996 2 2³2 7³10 2000³2000 40³60

Y992E 4 2³1 100³100 1000³2000 1.3³0.3

Y992F 4 2³2 200³200 1000³1000 1.7³0.9

particle A and that the equilibrium mixing of the molecular

high-affinity and low-affinity conformations is shifted towards

the low-affinity conformation. This notion is borne out by the

ternary complex model parameters in Table 6 in which the K and

K
A

dissociation constants are all larger than the corresponding

values for untreated cells in Table 3. Similarly, the data simula-

tions of Figure 2 and Table 4 support the same conclusion.

DISCUSSION

Ligand binding to the full-length point mutant EGFr described

here indicates that, of the point mutants made, only the Y992E

mutation affects EGF binding. This mutation induces a decrease

in both the high-affinity and low-affinitymacroscopic dissociation

constants of the EGFr. Although statistically (at the 90%

confidence level) the high-affinity macroscopic dissociation con-

stant seems to be smaller, this conclusion is arguable primarily

owing to the small number of high-affinity binding sites present

and the inherent difficulty in obtaining an accurate measure-

ment of their binding properties in the presence of a large amount

of low-affinity binding. However, the decrease in the macroscopic

low-affinity dissociation constant of the Y992E mutant in com-

parison with the wild-type EGFr seems to be a real effect. In the

context of the standard view of EGF binding to its receptor, this

result implies that a point mutation in the cytoplasmic domain of

the receptor has altered the extracellular conformation of the

receptor that is responsible for low-affinity binding. This view is

problematic because it necessarily invokes a coupling between

intracellular and extracellular conformational changes in the

EGFr molecule and additionally requires the EGFr to adopt at

least three distinct extracellular conformations.

An alternative view of this phenomenon is that intracellular

interactions of the EGFr are responsible for shifts in the apparent

extracellular affinity of the EGFr and that changes in the normal

high-affinity and low-affinity EGFr conformations are not

necessary. The extended ternary complex model shown in Scheme

1 employs these features and has been shown to be capable of

describing, in a self-consistent fashion, EGF binding for the

collection of mutant and wild-type receptors with and without

PMA treatment that were studied here (Figure 1, Tables 2, 3 and

6). In support of this model, Walker and Burgess [21] have shown

that high-affinity binding sites of the EGFr, previously down-

modulated by ligand activation, can be reconstituted in a cell-

free system, suggesting that a third particle forms a ternary

complex with EGF and the EGFr for receptors that express the

high-affinity conformation.

The inclusion of a second cyclic reaction pathway in which

the molecular high-affinity and low-affinity conformations of the

EGFr can mix with each other (Scheme 1B, bottom reaction

cycle) is necessary in the model because binding data from the

Y992E EGFr point mutant described here, along with a deletion

mutant described by van der Heyden et al. [12], suggest that the

apparent dissociation constant for low-affinity EGF binding can

be modulated by mutations within the intracellular domain of

the receptor. Rather than attempting to explain the observed

changes in the extracellular binding properties of the EGFr by

conformational or other interactions conveyed across the plasma

membrane, which would necessitate a multiplicity of extracellular

EGFr conformations, this model invokes an intracellular ex-

planation for this phenomenon. If there are two, and only two,

distinct conformations of the EGFr that interact with EGF, i.e.

the molecular high-affinity and low-affinity conformations, and

if these two conformations can interconvert, then thermo-

dynamics will force the EGFr system to exhibit an apparent

intermediate affinity for EGF for those receptors that are free to

interconvert. In the model of Scheme 1(B), these are the receptors

that are not trapped by interaction with the ternary particle A.

Modulation of this apparent macroscopic affinity, which is lower

than that of the trapped, molecular high-affinity conformation

and higher than that of the molecular low-affinity conforma-

tion, can be accomplished by altering the extent to which the

molecular high-affinity and low-affinity conformations can inter-

convert. This interconversion is regulated via the conversion

constant K (Scheme 1B). The multiple steps involved in these

interconversions are undetectable in equilibrium binding assays

and become apparent in kinetic experiments probing the time-

dependent changes in EGF binding only on a perturbation in

binding conditions such as step changes in EGF concentration.

Multiple rate constants corresponding to the several reaction

steps would be present for this sort of affinity regulatory system.

We and other workers have shown that multiple kinetic-rate

constants are found for the EGF–EGFr interaction [28–30],

which demonstrates that multiple reaction pathways underlie the

regulation of the EGF–EGFr interactions. The application of

the ternary complex model to kinetic binding of EGF to cells will

require careful data collection and analysis of a set of coupled

differential equations containing from 8 to 14 rate constants,

which is beyond the scope of the work presented here.

The ternary complex model described here is capable of

predicting a continuum of macroscopic EGF dissociation

constants while postulating only two EGFr conformations with

fixed, distinct molecular affinities for EGF. This aspect of

the model predicts that an EGF-blocking antibody specific for the

low-affinity conformation of the receptor would shift the macro-

scopic low-affinity dissociation constant to K
hi
, thus increasing

the apparent number of high-affinity sites in a macroscopic

# 2000 Biochemical Society



107Thermodynamic modulation of epidermal growth factor receptor affinity

binding experiment, the latter increase arising from the comp-

lement of receptors in the high-affinity conformation that are not

bound to particle A. Such a result was found for the monoclonal

antibody 2E9 [3]. In contrast, an EGF-blocking antibody specific

for the high-affinity conformation would shift the macroscopic

low-affinity dissociation constant to K
lo

while obliterating all

high-affinity macroscopic binding. This was found for mono-

clonal antibody 108, in which K
lo,macro

increased from 14 to

22 nM for 3T3 cells expressing human EGFr [2].

Treatment of EGFr-expressing cells with PMA causes a loss of

high-affinity EGF binding in all of the point mutants described

here and an increase in the K
lo,macro

of the low-affinity EGF

interaction (Table 5). This result can be understood from the

modified ternary complex model. If Ser}Thr phosphorylation of

either particle A or of the EGFr reduces the interaction between

A and the receptor, i.e. increases the dissociation constant K
A

in

the model of Scheme 1(B), the extent of trapping of the EGFr

in the A-bound high-affinity conformation would decline. This

prediction is borne out by experiment. The phosphorylation of

an unknown soluble factor has been shown to abolish the

high-affinity EGF–EGFr interaction, with a restoration of high-

affinity binding on dephosphorylation [21]. Phosphorylation

activation of a competitor for either A or the EGFr would also

accomplish a similar effect. Further, a phosphorylation-induced

increase in the interconversion constant K would shift the high-

affinity and low-affinity mixing equilibrium toward the molecular

low-affinity conformation, thus decreasing the macroscopic low-

affinity ligand binding. As expected, shifts in K and K
A

towards

larger values are seen for the PMA-treated cell data when fitted

to the ternary complex model (Table 6). Similarly, simulations of

EGF binding demonstrated the same effect (Figure 2 and Table

4). Thus the ternary complex model with equilibrium mixing of

the molecular high-affinity and low-affinity conformations of the

receptor seems consistent with all the data and is amenable to a

simpler molecular interpretation than is possible with the

standard model of EGF–EGFr binding.

The E991Qt
**'

mutant, in addition to the Glu 991!Gln point

mutation, is truncated after Gln-996. This truncation causes a

nearly complete loss of the high-affinity binding capacity for

EGF in addition to a 3-fold increase in the macroscopic low-

affinity K
lo,macro

compared with the wild-type and E991Q

receptors. Thus this truncation mutation makes the receptor

equivalent to a full-length receptor from PMA-treated cells.

Similar results have been seen in a truncation of the C-terminal

63 residues [10]. These results suggest that the C-terminal 190

residues of the EGFr contain a structural determinant for

maintaining the high-affinity ‘state ’ of the receptor, which, in the

ternary complex model, would be an interaction site for particle

A as well as the regulatory site responsible for interconversion of

the population of EGFr that are not bound to particle A. The

lack of effect of PMA treatment on EGFr binding properties for

the E991Qt
**'

mutant is consistent with the idea that the region

of the EGFr that is responsible for regulating the phorbol-ester-

activated PKC-induced loss of high affinity of the EGFr lies

within the C-terminal 190 residues of the receptor. The only

known PKC phosphorylation site on the EGFr is Thr-654; the

phosphorylation of this residue has been shown to be independent

of receptor affinity [14,15]. It therefore seems as though the

effect of phorbol ester involves a second cellular protein that is

PKC-phosphorylated. It also seems as though this protein inter-

acts with the EGFr in the C-terminal 190 residues or that this

protein, when phosphorylated, acts to disrupt the interaction of

this portion of the EGFr with some other molecule. In the context

of the ternary complex model shown in Scheme 1(B), this PKC-

phosphorylated protein could be particle A or it could displace

the EGFr from particle A. This hypothesis is consistent with the

results of Walker and Burgess [21], who demonstrated that an

EGFr-associated protein, when phosphorylated, dissociated

from the receptor simultaneously with the loss of high-affinity

EGF binding and, when dephosphorylated, restored high-

affinity binding.

The deletion of residues 921–940 has been shown to produce a

loss of high-affinity binding capacity of the EGFr [12]. This

sequence has been suggested to be the region of the receptor that

determines the high-affinity binding of the EGFr with EGF [12] ;

however, its presence in the deletion mutants that do not produce

high-affinity receptors (E991Qt
**'

shown here) [10] suggests that

it alone does not confer high-affinity ligand binding capacity. It

might be that residues 921–940 interact with the C-terminal 190

residues of the EGFr to enable the high-affinity conformation of

the receptor or that residues 921–940 form an additional binding

site for particle A.

Interestingly, the deletion of residues 984–996 of the EGFr

produces a 3-fold increase in ligand binding affinity of the low-

affinity class of receptor according to the standard two-site

model [12]. This result is similar to that seen in the Y992E

mutant. These results suggest that Tyr-992, or residues near it,

have a key role in regulating the affinity distribution of the EGFr

by altering the interconversion mixing of the true high-affinity

and low-affinity conformations of the receptor via the dis-

sociation constant K in Scheme 1(B).

The binding of EGF to the EGFr has been a facet of receptor

biology that has long been under study. The full-length EGFr

presents itself with two well-defined affinities for EGF when

expressed on the cell surface. In this study it is shown that an

increase in the low-affinity interaction of the EGFr with EGF is

evidence for a point mutant EGFr that mimics the charge of

phosphorylated Tyr-992. In addition, the truncation of the EGFr

to Gln-996 causes a loss of high-affinity ligand binding and

eliminates the effect of phorbol esters on ligand binding. These

results demonstrate that Tyr-992 and the C-terminal 190 residues

of the EGFr are involved in the determination of the EGFr

affinity for EGF. This study also demonstrates that phorbol-

ester-induced PKC regulation of EGFr affinity for EGF occurs

through the C-terminal 190 residues of the receptor, most

probably by the phosphorylation of a cytosolic partner protein

that interacts with the EGFr near its C-terminus.
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