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Activation of Epidermal Growth Factor Receptor by Epidermal Growth Féactor
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ABSTRACT. The binding of epidermal growth factor (EGF) to epidermal growth factor receptor (EGF
receptor) induces dimerization of the receptor and activation of its protein tyrosine kinase. Each of these
three steps was followed as a function of the concentrations of EGF and of EGF receptor. Binding of
EGF was followed by sedimentation of the complex betweéelHGF and EGF receptor, dimerization

was measured by quantitative cross-linking with glutaraldehyde, and the activation of the protein tyrosine
kinase was monitored under the same conditions by following the initial velocity of the phosphorylation
of peptides containing tyrosine. The binding of epidermal growth factor to its receptor was measured as
a function of the concentration of epidermal growth factor, and the relationship was sigmoid with an
average value of 1.7 for the Hill coefficient. Both dimerization and the activation of the tyrosine kinase
displayed saturation as a function of the concentration of EGF. The ranges of the concentrations of EGF
where dimerization and activation of the tyrosine kinase activity were half-maximal wer80L&nd

50—-200 nM, respectively, but the value for the concentration of EGF at the half-maximum for the activation
of the tyrosine kinase was a complex function of the concentration of EGF receptor. The observed behavior
of the binding of EGF, the dimerization of EGF receptor, and the activation of the tyrosine kinase were
used as criteria against which to test mechanisms for the process of activation. Equations were derived
for various reversible and irreversible mechanisms and used to calculate the theoretical behaviors of the
three properties. In direct comparisons of the experimental and the theoretical data, several of the previously
proposed reversible and irreversible mechanisms for the activation of EGF receptor were found to be
inadequate, but a reasonable mechanism was formulated that was compatible with the experimental data.

In this mechanism, dimeric EGF receptor must be occupied by two molecules of EGF for enzymatic
activity to be expressed.

Epidermal growth factor receptor (EGF receptalays leads to growth and division (Carpenter & Cohen, 1990). In
a key role in regulation of the growth of many animal cells the absence of EGF, little or no tyrosine kinase activity is
by mediating the transmission of a signal across the plasmadisplayed by EGF receptor. After binding EGF, the receptor
membrane. This agonist-regulated enzyme is a member ofdimerizes, and its protein tyrosine kinase is simultaneously
the family of receptor tyrosine kinases, each of which activated (Canals, 1992). Dimerization and activation have
contains an intrinsic protein tyrosine kinase activity necessary been shown to occur coincidentally in a reaction that displays
for transmission of the signal (Yarden & Ullrich, 1988; Gill ~second-order kinetics in the concentration of EGF receptor.
etal., 1987). A membrane-spanning protein, EGF receptor, The dimerized, activated enzyme phosphorylates itself as well
consists of an extracellular domain for binding its ligand, as several intracellular substrates (Hunter & Cooper, 1985;
epidermal growth factor (EGF)and a cytoplasmic domain ~ Glenny et al., 1988).
for expressing its protein tyrosine kinase activity. Thesetwo The mechanism by which the binding of EGF leads to
domains are linked in the native protein by a single the dimerization and activation of EGF receptor is not known.
membrane-spanning segment (Cadena & Gill, 1993; Green-Hypothetical schemes for this mechanism have been pro-
field et al., 1989; Lax et al., 1991; Livneh et al., 1986; Ullrich posed. They include irreversible (Canals, 1992) and revers-
et al., 1984; Wedegaertner & Gill, 1989). Transmission of ible mechanisms (Biswas et al., 1985; Basu, 1986; Basu et
the signal is initiated when EGF binds to EGF receptor at al., 1989; Yarden & Schlessinger, 1987a,b; Schlessinger,
the outside surface of the cell and is completed upon 1988). All of these proposals have as one of their assump-
generation of a biochemical message on the inside of thetionS that both Iiganded and unliganded forms of dimerized
cell by phosphorylation of tyrosine residues on a set of target EGF receptor are active. An additional mechanism for
proteins which includes EGF receptor itself. This process activation of EGF receptor has been formulated on the basis
is a required step in the cascade of events that eventuallyof the behavior of growth hormone receptor. The extracel-
lular domain of growth hormone receptor has been found to

form a peculiar complex with growth hormone that contains
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domain of growth hormone receptor might be involved in Canals, 1992) and purified by high-pressure liquid
its activation, the mechanism for the activation of both of chromatography. The purified peptide migrated on
these receptors might have involved such an asymmetricanalytical HPLC as a single peak and upon acid hydrolysis
complex. gave the amino acid composition of §&; 1F1.0l0.9Go.0A1.1.

To discriminate among these various mechanisms for The peptide RRKGSTAENAEYLRYV, which is a reactant

EGF-dependent dimerization and activation of EGF receptor, for the tyrosine kinase of EGF receptor, was synthesized
the yields of dimerization of EGF receptor and activation of from Fmoc amino acids (Stewart & Young, 1984; Thibault,
its tyrosine kinase were monitored as functions of both the 1993) and purified by HPLC. Acid hydrolysis of this
concentration of EGF and the concentration of EGF receptor purified peptide gave the following composition:
as well as the time of exposure to EGF. Results from these R3.1K1.0G1.150.8To.0A19E2 N1.1Y 06l 1.1V 1.1.

studies indicate that the activation of EGF receptor is an Epidermal growth factor was reductively methylated as
equilibrium process, that dimerization of monomeric EGF described by Rice and Means (1971) to a specific radio-
receptor does not occur in the absence of bound EGF, thactivity of 3—20 cpm pmot*. After purification over a
dimeric EGF receptor is not active unless two molecules of Sephadex G-25 gel filtration column, the specific radioactiv-
EGF are bound to it, and that the active complex of EGF ity of each batch was established from the amino acid

and EGF receptor is equimolar in its stoichiometry. analysis of the radioactively labeled hormone and the counts
per minute associated with the sample registered in the same
EXPERIMENTAL PROCEDURES channel of the scintillation counter used to count the samples
from the binding assay.
Materials. Cells of the A-431 human epltheI|0|d carci- Papain was Coup|ed to Sepharose 4B-200 f0||owing

noma line (Haigler et al., 1978) were kindly provided by cyanogen bromide activation of the agarose (March et al.,
Dr. Gordon Gill, Department of Medicine, University of 1974). The specific activity of the immobilized papain was
California at San Diego. The placental tissues were receiveddetermined by assaying for the activity of papain as described
from the Department of Pathology at the Medical Center of by the Worthington Manual of Enzymes and Related Bio-
the University of California at San Diego. The human EGF chemicals Worthington Biochemical Corp.

was expressed in a strain of the yeRsthia pastorisand Extracts of A-431 Cells.Cells of the A-431 human
purified from the cell-free broth. The broth was a generous epidermal carcinoma line were grown until they were
gift from Sibia. Aprotinin, benzamidine hydrochloride, confluent or just past confluence. The cells were then
phenylmethanesulfonyl fluoride, bovine serum albumin, harvested, lysed, and homogenized af@® in a buffer
Na&ATP, Triton X-100 detergent,N-(2-hydroxyethyl)-  containing 10% glycerol, 1% Triton X-100, 1 mM EDTA,
piperazineN'-2-ethanesulfonic acid (HEPESR-mercapto- 5 mM ethylene glycol bigf-aminoethyl etherN,N,N,N'-
ethanol, disodium ethylenediaminetetraacetate (EDTA) tetraacetate, 5 mM 2-mercaptoethanol, 2 mM benzamidine,
papain, Protein A Sepharose, Sephadex G-50, Sephade® 5 ,g mL aprotinin, 5ug mL~* leupeptin, and 30 mM
G-25, Sepharose 4B-200, leupeptin, nitro blue tetrazolium, HEPES adjusted to pH 7.4 with 1 M NaOH (Canals, 1992).
and thep-toluidine salt of 5-bromo-4-chloro-3-indolyl phos-  The homogenate (1 mL in each tube) was centrifuged at

phate were purchased from Sigma Chemical Co. Glutaral-75 000 rpm in a TLA-100.2 rotor (Beckman Corp.) for 30
dehyde was purchased from Calbiochem-Novabiochem Corp,min. The supernatant fluid is referred to as an extract of

andN-tert-butoxycarbonyl (t-Bod)and 9-fluorenylmethoxy-  A-431 cells.
carbonyl (Fmoc) derivatives of the amino acids were  preparation of Placental Extracts.Human placental
pUrChased from BaChem, Inc. AngiotenSin Il was pUrChased membranes were prepared as described by Koland and
from Bachem, Inc. and was also synthesized from Fmoc Cerione (1988). The membranes were dissolved by the
amino acids (Stewart & Young, 1984; Thibault, 1993). The addition of Triton X-100 to 2%, homogenization, and stirring
synthetic angiotensin Il was purified on HPLC. It had the on ice for 45 min. Phenylmethanesulfonyl fluoride was
same chromatographic mobility as the commercial material, added to 0.2 mM and leupeptin to Oulg mL™L. The
and the amino acid composition after acid hydrolysis was homogenate (1 mL in each tube) was centrifuged at 15 000
D1RogV12Yod1dH1dPriFos Affi-gel 10 and goat anti-rabbit  rpm in a microfuge (Beckman Corp.) for 30 min. The
immunoglobulin conjugated to alkaline phosphatase were supernatant fluid from this centrifugation is referred to as a
purchased from Bio-Rad Laboratories Corp. Sodium pjlacental extract.
[*H]borohydride (1068-1000 mCi mmot?) and [“C]sucrose Purification of Placental EGF Receptor.Epidermal
(1-5 mCi mmofl™) were purchased from NEN Research growth factor receptor was purified from placental extract
Products, DuPont Co. The triethylammonium salt of with the use of an immunoadsorbent that was constructed
adenosine jf-**P]triphosphate (3000 mCi mmd) was  with purified monovalent Fab fragments of immunoglobulins
purchased from Amersham. Membranes of poly(vinylidene that recognize the carboxy terminal sequence, SEFIGA, of
difluoride) (PVDF} were purchased from Millipore. EGF receptor (Canals, 1992). These specific immuno-
Centrifugal concentrators (Centricons) with an apparent globulins were produced by the immunization of White New
molecular mass cutoff of 30 000 Da were purchased from zealand rabbits with the synthetic peptide SEFIGA cross-
Amicon, and phosphocellulose paper was purchased fromjinked as a hapten with glutaraldehyde to bovine serum
Whatman. Sodium dodecyl sulfate (SB®)as purchased  albumin (Walter et al., 1980). Anti-SEFIGA antisera were
from Sigma Chemical Co. or Calbiochem Corp. and was digested with immobilized papain overnight (Harlow & Lane,
recrystallized from 95% ethanol (Burgess, 1969). 1988). Anti-SEFIGA Fab fragments were purified over an
The carboxy terminal peptide of EGF receptor, SEFIGA, affinity adsorbent made from the synthetic peptide (Kyte et
was synthesized by standard methods for solid phase t-Bocal., 1987) and separated from undigested immunoglobulins
peptide chemistry (Stewart & Young, 1984; Bayer, 1990; using Protein A Sepharose (Surolia et al., 1982). These
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purified anti-SEFIGA Fab fragments were covalently at- samples (1 mL) of a solution containing undiluted extract

tached by reaction with thid-hydroxysuccinimide esters of  (80—85 nM in EGF receptor) and 75 nMH]EGF. The

Affi-gel 10 (1 mL) to produce an immunoadsorbent (1 mL) bound PH]EGF that could not be chased by nonradioactive

with a measured capacity of 5 nmol for recognizing synthetic EGF could be estimated by extrapolation. The treatment of

SEFIGA. the data is justified by considering the following evaluation.
Samples of placental extract were recycled over the If the binding of EGF to a binding site were defined by the

immunoadsorbent for 30 min, and the column was then equilibrium

washed with 16-20 volumes of a buffer containing 0.1%

Triton X-100, 10% glycerol, 1 mM EDTA, 5 mM 2-mer- EGF+ Siteg EGFsite (1)

captoethanol, 2 mM benzamidine, Qufy mL~* leupeptin,

and 20 mM HEPES (pH 7.4) (buffer A) Material bound  whereKg is the dissociation constant, then by rearrangement

to the column was eluted with a 1 mL solution of 1 mgm™L  of the equation folKq

synthetic SEFIGA in buffer A. To ensure maximum

recovery during the exchange of synthetic peptide for bound , [EGForlsiteskor

EGF receptor on the solid support, the elution buffer was [EGF-site] = - (2)

| . [EGF]free+ Kd + [SlteS]TOT

eft on the immunoadsorbent for-86 h. Another sample

(1 mL) of the peptide solution was applied to the column, \yhere [EGFsite] is the concentration of EGF bound to the
followed by five 1 mL samples of buffer A, to retrieve the specific sites, [EGFbr is the total concentration of EGF,
rest of the released receptor. The eluted material was assayefgite]TOT is the total concentration of specific binding sites

for tyrosine kinase activity, and those fractions responsive for EGF, and [EGR}e is the concentration of free EGF in
to EGF were concentrated for further use in a Centricon-30 the assay, which can be determined by submitting the
cgn_trifugal concentrator gt 6500 rpm _in a SS34 rotor (Sorvall supernatant fluid to scintillation counting. The bouR]f
Division, DuPont Chemicals). The immunoadsorbent was EGF in the pellet (cpmaung will include both PH]JEGF that
washed with 16-20 column volumes of 0.1 M sodium s hound nonspecifically (cpg) to the protein, lipid, and
phosphate buffer (pH 2.5) to elute the bound peptide, getergent in the pellet anBH]EGF that is bound specifically

followed by 10 column _volumes of 0.15 M NacCl, 0.1 mM (cpmy) to EGF receptor in the pellet. If eq 2 defines the
EDTA, and 20 mM sodium phosphate (pH 7.2) for storage specific binding of EGF to EGF receptor, then
at 4°C.

Sedimentation of EGF ReceptoBamples (1 mL) of an CpMyorlsites)or
extract of A-431 cells were centrifuged at 100 000 rpmina  CPMyoung™= [EGF],..+ K, + [sites) +cpmyg,  (3)
TLA-100.2 rotor in a Beckman TL100 table top centrifuge free © Tid ot
for increasing amounts of time. Sodium dodecyl sulfate was
added to the supernatant fluids which were then briefly
brought to 100°C, concentrated, and submitted to electro-
phoresis followed by immunoblotting. The immunoblot was
submitted to densitometry. The area of absorbance from the
immunostain of the band representing EGF receptor was
followed as a function of time of ultracentrifugation.
Because all of the EGF receptor in a sample could be
sedimented in approximately 10 h, a time of 12 h was chosen
for centrifugation during routine assays for the binding of
EGF.

Binding Assay for EGF.Assays for the binding of EGF
were performed using ultracentrifugation. When the con-
centration of specific binding sites for EGF was measured
several samples of up to 100Q of detergent extracts of
EGF receptor were brought to 1.0 mL and mixed witH]f
EGF (3-20 cpm pmot?) at a saturating total concentration
of 300 nM. To prevent nonspecific ion exchange, KCI was
added to 100 mM. fC]Sucrose was used as an internal
standard. The counts per minute HfJ]sucrose added were
adjusted so that the total number of counts per minute of
[**C]carbon were about equal to the total number of counts

From this equation, the counts per minute of nonspecifi-
cally bound fH]EGF could be determined by successive
approximation. Values of [siteg]r were estimated from the
raw data before correction. Equation 3 was used to
determine cpm, from the intercept at the ordinate. This
estimate of nonspecifically bound counts per minute was then
subtracted from the counts per minute of bouttd]EGF to
obtain a value referred to by the term “specifically bound
[BH]JEGF.” This value was used to obtain a corrected
estimate of [siteshr and the process repeated. In practice,
the values of cpm, were so small that convergence was
almost immediate.

Binding of EGF as a Function of Its ConcentratiodVhen
’ the specific binding of EGF was measured as a function of
the concentration of EGF, each sample contained the same
amount of cell extract (0.6 or 1 mL) and“C]sucrose.
Potassium chloride was added to a final concentration of 100
mM, and PH]JEGF was added to the noted nanomolar
concentration. It was found that the data obtained in these
assays were fit best by a sigmoid function. The Hill equation
used to fit a sigmoid curve to the data was

per minute of tritium. After 20 min, the samples (1.1 mL) n
were submitted to centrifugation at 100 000 rpm in a TLA- f(EGFlyed = M(EGFlredmad[EGFlred (4)
100.2 rotor for 12 h. The supernatant fluids were removed, (K" + ([EGFled"

and the pellets were dissolved in 88% formic acid. Both

the supernatant fluids and the pellets were submitted towheref(JEGFlee) is the boundJH]EGF, [EGF}.is the free

scintillation counting with windows set to discriminate concentration of EGF, and,, f([EGFlredmax andn are the

between tritium and‘fC]carbon. three parameters of the equation being fit. In this formalism,
To assess what portion of the bousHIJEGF is specific the parameteK,,; is the value of the concentration of EGF

for EGF receptor when the protein was sedimented from an at which the function displays half of its maximum value,

extract, unlabeled EGF was added in increasing amounts tof([EGFlree)max
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Tyrosine Kinase Actity. The initial velocity of the
protein tyrosine kinase of EGF receptor was assayed as
previously reported (Canals, 1992). Samples (&0 of
appropriately diluted detergent extracts of EGF receptor were
mixed with EGF at noted final concentrations for noted times
at room temperature. The enzymatic activity was then
assayed by addition (to the following final concentrations
in a final volume of 6QuL) of a mixture of angiotensin Il to
1.25 mM, MgC} to 5 mM, MnCh to 2 mM, NaVO,to 0.1
mM, ATP to 10uM, and [y-3?P]ATP to give a final specific
radioactivity of about 2 Ci (mmol of ATP}. In assays
requiring the peptide RRKGSTAENAEYLRYV as a substrate,
the peptide was added to 0.25 mM in place of angiotensin
Il. The reactions were stopped after 1 or 5 min by adding
trichloroacetic acid to 5%. The production of phosphorylated
angiotensin Il or RRKGSTAENAEYLRYV, however, was
linear with time for at least 10 min. Bovine serum albumin
was added to 0.5 mg mi before the samples were
precipitated on ice for 30 min and centrifuged. Samples of
the supernatant fluids were spotted on disks of phosphocel-
lulose paper that were then washed with 75 mNP&,,
dried, and counted.

Quantitatve Cross-Linking of Dimers of EGF Receptor.
The assay for the dimerization of EGF receptor was
performed as described previously (Canals, 1992). Relative
amounts of dimers and monomers on immunoblots were

quantified using a scanning densitometer. Each lane was

scanned separately, and the areas of absorbance of the pea
of stain corresponding to dimer and monomer were calcu-
lated. Because of deviations from linearity of the measured
areas as a function of the mass of protein for both monomeric
and dimeric EGF receptor and differences in the extinction

Sherrill and Kyte
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FicUre 1: Competition of nonradioactive EGF witBH]EGF for

the binding sites on EGF receptor in pellets from ultracentrifugation
of an extract from A-431 cells. Each sample of an extract of A-431
cells (1 mL) was mixed with the same amount &fJEGF (75

nM, 225 cpm) and increasing concentrations of nonradioactive EGF
in a final volume of 1.1 mL so that the ratio of nonradioactive to
radioactively labeled EGF increased in increments to a final value
of 20:1. All samples were then centrifuged for 12 h. The supernatant
fluids and the pellets dissolved in formic acid were submitted to
scintillation counting. The counts per minute of boufid]EGF in

the pellets are plotted as a function of ([sites] + Kq +
[EGFlee)~t in units of micromolar?, where the value oKy for

the binding of EGF was taken to be 100 nM and the value for
[sites}or was estimated by successive approximation from the data.

minute of tritium had pelleted even in the absence of cell
extract. This was assumed to represent free molecules of
[H]EGF that had sedimented in the high centrifugal field,
g\d these counts per minute were also subtracted from each
of the samples containing EGF receptor. The final corrected
values of counts per minute are referred to by the term
“bound PH]EGF”.

To estimate the amount of bountH|EGF that could be

coefficients for monomer and dimer, measured areas werechased by the unlabeled ligand, a competitive binding assay

corrected as previously described (Canals, 1992).

All primary data, both the initial velocities of the tyrosine
kinase activity and the measured fraction of dimer, were
assumed to represent rectangularly hyperbolic functions of
the total concentration of EGF. The equation used for the
rectangular hyperbolas was

f([EG F]TOT)ma)J:EG F]TOT
[EG F]TOT,O.S + [EG F]TOT

f[EGFlor) = (5)

wheref([EGF}o7) is either the measured fraction dimerized
or initial tyrosine kinase activity, [EGk$r is the total
concentration of EGF, and [EGfdr 05 and f([EGFor)max
are the two parameters of the fit.

RESULTS

Determination of the Concentration of EGF Receptor from
Assays for EGF BindingThe binding of EGF to its receptor
was measured by addindH|EGF to samples of extracts and
submitting the samples to centrifugation until all of the EGF

was performed using increasing concentrations of nonradio-
active EGF at a constant subsaturating concentration (75 nM)
of [*H]EGF (Figure 1). The measurements were plotted as
counts per minute that had pelleted against the quantity
([EGFlree + Kg + [site]ror) %, where the value used fésy,

the dissociation constant for EGF, was taken to be 100 nM
and the value of [siteg), the total molar concentration of
specific sites for EGF in the solution before centrifugation,
was determined by successive approximation. The choice
of a dissociation constant was based on a binding curve for
[®H]EGF using the same assay (Figure 2). The extrapolated
value of 10 counts per minute of bountHJEGF at an
infinite concentration of nonradioactive free EGF represented
only a small fraction (3-5%) of the PH]JEGF bound at
saturation in the absence of nonradioactive EGF (Figure 2).

Before the concentration of EGF receptor was calculated
from the specific radioactivity of thélf]EGF and the counts
per minute bound to the pellet, the counts per minute of
tritium from trapped supernatant fluid (usually-380 cpm),
the counts per minute of tritium that had pelleted in the
absence of receptor (usuahyt0 cpm), and the small amount

receptor, but not the EGF, had pelleted. Saturating levels of bound PH]JEGF that could not be competed away (Figure
of [®*H]EGF (300 nM at 3-12 cpm pmot?!) were added to 1) were subtracted from the counts per minute of tritium
increasing amounts of cell extract containing EGF receptor, that were collected with the pellet when the receptor was
and the individual samples were submitted to centrifugation. present. These corrected values were used for the estimates
A control that did not contain any EGF receptor was also of concentration of EGF receptor. The amount of bound
included. [“C]Sucrose was used as an internal standard so[*H]EGF was always directly proportional to the volume of
that the cpm of H]EGF in the supernatant fluid that had the detergent extract added to the assay. Estimates of the
been collected with each pellet could be subtracted. After concentration of EGF receptor were made from the slopes
this first correction, it was found that 3%0 counts per  of the lines for bound3H]EGF at saturation as a function
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300 Kinetics of Actiation of Tyrosine Kinase as a Function

250 . " of the Concentration of EGFTo analyze the activation of

H EGF receptor as a function of the concentration of EGF at
s 2004 various times of exposure, samples of either cell extracts or
B 50l purified placental extracts were incubated with varying
; amounts of EGF for different intervals, and the initial velocity
5 1004 of @ of the enzymatic reaction of the tyrosine kinase was
o subsequently measured. The extracts of A-431 cells were
y, prepared as previously described (Canals, 1992). Placental
0 ! T o . o extracts were partially purified over an immunoadsorbent

recognizing the carboxy terminus of EGF receptor. When
o ) samples that had been eluted from the immunoadsorbent were
FiIGURE 2: Binding of EGF to EGF receptor as a function of the  ¢,pmitted to electrophoresis, many bands other than EGF

free concentration of EGF. Samples (1 mL) of an extract from . .
A-431 cells were mixed with increasing concentrations’bifEGF receptor appeared on the stained gel. For these experiments,

(0—1600 nM) for 20 min and then centrifuged for 12 h. The values however, it was not necessary to have homogeneous EGF
plotted for bound JH]EGF are the values of counts per minute receptor, only EGF receptor pure enough that its concentra-
:h_f_‘t hatve begn ‘iﬁ”edﬁdt fO’dtPhe countts per m_mutte ?“fﬁg@?oundtion could be conveniently increased. Extracts of A-431 cells
rtum trapped in the pellet an € counts per minute O H : . P
EGF that sedimented. The values of the nanomolar concentration" c' ¢ not so highly concentrated in protein as the initial
of free EGF ([EGFJed Were based on the counts per minute Placental extracts buF could be concgntrateq up to 4-fold as
remaining in the supernatant fluid. The curve was produced with needed. The activation of the protein tyrosine kinase after
eq 4 using values foKy> of 135 nM, f([EGFiee)max Of 325 cpm, the noted exposure to EGF was followed by measuring the
andn of 1.4. These parameters were obtained from a nonlinear jnitial velocity (vo) of the phosphorylation from*P]ATP
least-squares fit of eq 4 to the data. of either the tyrosine in angiotensin Il or the tyrosine in the

of the microliters of cell extract and the specific radioactivity synthetic peptide RRKGSTAENAEYLRV.
of the [3H]EGI_:. These assays were repeated three to five  The gactivation of the tyrosine kinase displayed saturation
times for a given preparation of extract to determine the 4 3 function of the concentration of EGF for both long and
reprcgdumbmty of the binding assay, which was usually ghort intervals of treatment. The analytical function for a
+10%. . . . rectangular hyperbola could be satisfactorily fit to these data
Concentrations of EGF receptor in the various extracts of yith a nonlinear least-squares algorithm. The two parameters
A-431 cells were found to range from 30 to 80 nM. USiNg f the fit were Vima, the maximum initial velocity at
these concentrations of EGF receptor and the initial velocities ., . ~vion and [EGE], , . the total concentration of EGF
(nan(_)mol_es of phospha_te transferre_d per mmutg) of the at which the initial velggisty was half the maximum value.
tyrosine kinase assays with angiotensin Il at saturating Ievels-l-he total concentration of EGF producing half-maximal

of EGF, the turnover numbers of the enzyme from cell activation of the tyrosine kinase ([E@%]TOE) decreased as
extracts and placental extracts were calculated to kel5 . : oo N 0. ) i
Vmax increased during the activation of the tyrosine kinase

S ;

and 24 0.5 mir™, respecu_vely. These values were used (Table 1). This decrease in the value of the parameter

to determine the concentration of EGF receptor in the various St . .
[EGFlior,0.5 from short to long intervals was consistently

assays of tyrosine kinase and dimerization. The value )
measured here for the turnover number of EGF receptor in obser\{ed over a range .Of concentrations of EGF receptor
and with EGF receptor in both placental and cell extracts.

extracts of A-431 cells is similar to the turnover numbers of At the shorter int Is. the int diates in th hani
13 min ! (Bertics & Gill, 1985) and 10 mint (Weber et al., € shorter intervals, the Intermeaiates in the mechanism

1984) previously reported for angiotensin Il as a substrate. for t.h'e gcuvatlon of the tyrqsme kinase had not yet reached

Binding of EGF as a Function of Its Concentratiofhe equilibrium. Afteﬁ 5-10 min, however, the value of the
binding of EGF to its receptor was also measured as aParameter [EGRbr,05 did not change noticeably. This
function of the concentration of EGF (Figure 2). When observation suggests that, by this time, the process of
rectangular hyperbolas were fit to the data from several a_lct|vat|on has reached eqwhbnum in this range of concentra-
experiments by nonlinear least-squares analysis, the pointdions. For each experiment presented in Table 1, the
at the lower concentrations ofH]JEGF consistently fell ~ concentration of EGF receptor was calculated from\hg

below the smooth curves and those at the higher concentraf the tyrosine kinase reaction at long intervals and the
tions consistently fell above the curves. This behavior turnover number for the respective EGF receptor determined

indicated that the binding of EGF to EGF receptor displayed from the binding assays. The concentrations of EGF receptor
sigmoid behavior, or a positive deviation from ideal hyper- nc_>ted in T{able 1 are the final concentrations, after mixing
bolic behavior. For this reason, the data were fit with the With EGF, in the total volume of 45L before the assay for
Hill equation. In none of the experiments was the value of the tyrosine kinase was performed.

the Hill coefficientn less than 1 (the smallest value was 1.2),  The activation of EGF receptor at saturating concentrations
and its mean and standard deviation over all of the sevenof EGF displays the properties of a bimolecular reaction that
experiments were 1.2 0.5. The mean and standard proceeds to completion (Canals, 1992). This observation
deviation of the value oKy, were 70+ 40 nM. The suggested the possibility that, after sufficient time in the
standard deviations are large because there was considerablgresence of any concentration of EGF, the final state
variation from measurement to measurement, but for eachachieved would not be a reversible equilibrium but the
run, the fits of the Hill equation were satisfactory (Figure irreversible product of a complete chemical transformation.
2). The important point, however, is that the mean value of To provide evidence that the process of activation of EGF
the Hill coefficientn is significantly larger than 1. receptor has reached only a reversible equilibrium by 20 min,

[EGF]W (nM)
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Table 1: Kinetic Values for the Activation of EGF Receptor as a

Function of Time of Exposure to EGF

Table 2: Effect of Changing the Concentration of EGF after EGF
Receptor Has Reached Equilibrium at Subsaturating Levels oPEGF

[EGF receptof]  time Vinay (pmol [EGF]?%‘T’O_5 [EGFlror (nM)
source of receptor _ (nM) (min) mL"min™) (M experiment  first treatment  second treatmento (pmol mirr2)
A-431 cells 30 1 60 290
60 160 45 . gg 10?)8 1?;5
A-431 cells 20 1 40 85 o5 o5 1
60 110 50 25 1000 16
A-431 cells 25 1 25 70 b
60 120 60 1000 - 12
A-431 cells 10 1 20 190 2 50 50 3
A-431 cells 25 1 75 270 25 25 2
60 130 70 25 1000 14
A-431 cells 5 1 20 210 1000 - 18
60 25 60 3 50 50 4
placenta 5 0.65 190 50 1000 12
10 0.7 190 25 25 1
15 0.7 180 25 1000 12
15 1.2 75 1000 —b 16
28 15 gg a Samples of placental extract were exposed to 25 or 50 nM EGF
d for 20 min. After 20 min, samples from the first treatment were split
membranes of 1 098 15 p p
A-431 cells 2 09' 50 into two separate samples that were used for the second treatment.
5 1.0 40 During the second treatment, the two samples were exposed to the same
10 1.0 30 subsaturating level (25 and 50 nM) or a saturating level (1000 nM) of

EGF for 20 min. At the end of the second treatment with EGF, the

2 Samples (3(iL) of a placental extract or an extract of A-431 cells  injta| velocity for the tyrosine kinase activity was measured. Each result
were exposed to several concentrations of EGF (in a final volume of |isted is from an experiment done in triplicaféNo second interval

45 ul) for the noted times. The initial velocity§) of the tyrosine occurred.
kinase over a period of 1 min was then measured and was expressed
in units of picomoles of phosphate incorporated into angiotensin Il per
minute. The data were fit with the equation for a rectangular hyperbola
using a nonlinear least-squares program to obtain values for the
parameters/ma and [EGF?ST’OE The parameteYy.x was the value

of the horizontal asymptote, and the parameter was the value of
[EGF}or for the point on the hyperbola at whichh was equal to
Vma{2. ® Final concentration of EGF receptor in the volume of solution
prior to the addition of reagents for the tyrosine kinase reaction. The
value for this quantity was estimated from a turnover number of 5min
and the value of the maximum velocity of the enzymatic reaction for

a sample of the undiluted extract after 60 min of activation with
saturating EGF¢ The concentration of EGF receptor was not deter- 0+ T T T T T T T
mined for these particular assagdn these experiments, the activity 0 400 800 1200 1600
at Vimax reported for the shorter intervals is reported as the fraction of [EGF]ygr (nM)

the Vmax for the interval of 60 min.

1 -1
A (pmol min~ mL™")

TOT
Ficure 3: Activation of the tyrosine kinase of EGF receptor as a
function of the total concentration of EGF (nanomolar) at various
samples of cell and placental extract were incubated atconcentrations of EGF receptor. Samplesy(Bpof an extract from

; ; A-431 cells (30 nM in EGF receptor) were exposed to the noted
subsaturating concentrations of EGF (25 or 50 M), and aftertotal concentrations of EGF (in a final volume of 48) for 20

20 min, the samples were split so that one half of each samplen,in  samples of the extract were undiluted (filled circles) or diluted
remained at the subsaturating level of EGF while the second2-fold (open circles) and 4-fold (open diamonds). The activation
half was exposed to a saturating level of EGR:fd). The of the tyrosine kinase achieved during this exposure to EGF was
initial velocities of the tyrosine kinase activities were then followed by measuring the initial velocity§) over 1 min for the

. phosphorylation of angiotensin Il (picomoles of phosphate incor-
assessed (Table 2). The samples incubated at 25 or 50 nMporated into angiotensin Il per minute per milliliter). The curves

respectively, because both of the intervals had low initial represent the nonlinear least-squares fits of the ‘equation for a
velocities after the two intervals; samples switched to rectangular hyperbola.

saturating concentrations of EGF after the first interval,

however, displayed the same high initial velocities as samplesmonitored for the initial velocity of the tyrosine kinase
that had been activated only by EGF for 20 min. (measured over an interval of 1 min) using angiotensin Il as
Preincubation with subsaturating levels of EGF neither a substrate. The activation of the tyrosine kinase displayed
decreased nor augmented the effect of a subsequent exposumaturation as a function of the concentration of EGF over a
of the samples to AM EGF. This result suggests that, after range of concentrations of EGF receptor (Figure 3). As
about 20 min in the presence of EGF, a reversible equilibrium before, the function for a rectangular hyperbola was fit to
has been established. these data by a nonlinear least-squares algorithm.

Effect of the Concentration of EGF Receptor on Its  To demonstrate that activation of the enzymatic activity
Activation. The next experiments were designed to deter- by EGF remained at the saturating level and did not display
mine the dependence of the activation of EGF receptor by a decrease at higher concentrations of EGF, assays were
EGF on the concentration of EGF receptor itself. Stock performed with the same extract (3Q assay?) of A-431
samples of cell extracts or concentrated, purified placental cells at 1.6, 10, and 18M EGF. All of these concentrations
extracts were systematically diluted and mixed with various of EGF produced the same activation of the tyrosine kinase
concentrations of EGF for 20 min. They were then activity (180 & 20 pmol min! mL™%). There was no
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250

Table 3: Equilibrium Values for the Activation of EGF Receptor as
a Function of Its Concentratién 200-
[EGF recepto Vinax = o
source of receptor (nM) (pmol mL™tmin™1)  (nM) = 1504 .
A-431 cells 25 130 65 5B . o *
4 50 60 % 100 o
A-431 cells 30 150 80 2} °
5 15 100 o4 .
A-431 cells 30 150 50
5 20 35 0
A-431 cells 40 200 85 0 100 200 300 400 500
10 45 35 V. aMmin')
A-431 cells 25 130 70
4 5 20 FicGure 4: Relationship between the parametevg,., and
placenta 230 450 180 [EGFES: o5 for samples of partially purified placental extracts
120 290 130 with different total concentrations of EGF receptor (Table 3). The
60 90 55 total concentration of EGF (nanomolar) at which the activity of
placenta %ﬁS ggo égo the tyrosine kinase was at the half-maximum ([Ef} o is
placenta 75 145 150 shown as a function of the maximum velocit,) of the tyrosine
20 50 120 kinase (nanomolar minuté) following activation of EGF receptor
15 o5 100 in a given sample of diluted or undiluted detergent extract. The
A-431 cells 30 160 45 results from each experiment of Table 3 were given their own
15 110 20 symbol.
7 45 10
4 20 40 each experiment is defined by a stock sample and its

2 The values olVmax and [EGFE., , . were determined in experi- respect_ive dilutions, and the slope for each experiment was
ments identical to those of Figure 3. Rectangular hyperbolas were fit determined. From the average slope (036.15 nM EGF
to the data with a nonlinear least-squares program. The paravhgter ~ min mL pmol™) over all of these experiments, a turnover
was the value of the horizontal asymptote, and the parameter nymber for the enzymatic activity of EGF receptor (3 mjn
[EGFlir05Was the value for [EGRpr for the point on the hyperbola  ¢oyid be calculated. This value agrees with the turnover

at whichvo was equal td/may2. ® Final concentration of EGF receptor . -
in the volume of the solution prior to the addition of reagents for the number calculated independently from the binding and

tyrosine kinase reaction. The values for this quantity were estimated tyrosine kinase activity assays of-8 min™.
from the respective turnover numbers and the maximum velocities of ~ This agreement provided an explanation for the linear

the enzymatic reactions for samples of each undiluted extract after 20jhcrease observed when the values of the parameter
min of activation. The values tabulated are based on the dilutions of EGERES | d f . f th
that extract performed in each experiment. [ Froros were plotted as a function of the parameter

Vmax This increase was due for the most part to the fact
indication of any Systematic decrease in the enzymatic that the Concentl’atlo.n Of b|nd|ng sites fOI‘ EGF was on the
activity at the higher levels of EGF. same order of magnitude as the concentration of EGF. To

The values for the parameter [EGE] , ; are listed for avoid this complication, which seems common to many of
various concentrations of receptor (Table 3). These valuestN€ €arlier experiments with EGF receptor, much smaller
are similar to those previously reported for this parameter cOncentrations of EGF receptor had to be used in the
at various fixed concentrations of EGF receptor (Bertics et €NZymatic assay.
al., 1988; Koland & Cerione, 1988; Pike et al., 1984). It ~ To determine the relationship between the parameter
was found in the present studies, however, in which the [EGFJ;3; sand the concentration of EGF receptor at lower
concentration of EGF receptor was varied systematically, thatconcentrations of EGF receptor, the tyrosine kinase assays
the values of [EGP;ET o5 for the activation of EGF recep- ~ Wererun for 5 min and they were performed with the reactant
tor as a function of EGF increased as the concentration of RRKGSTAENAEYLRV. This reactant permits a much
EGF receptor was increased for both the purified, placental 9reater signal to be produced in the assays which in turn
enzyme and the enzyme in the extracts of A-431 cells (Table Permits more dilute samples of an extract from A-431 cells
3). In the more concentrated samples of EGF receptor, ato be assayed. To determine the molar concentration of EGF
higher concentration of EGF was required to reach the point receptor, binding assays were performed with each of the
of half-maximal activation. extracts of A-431 cells . Unlike the behavior at the higher

When values (Table 3) of the parameter [EEH] s concentrations of EGF receptor (Figure 4), at low concen-
were plotted as a function of the parametg,, they were trations of EGF receptor, the value of the parameter
found to increase monotonically Aé. increased (Figure  [EGFlioros decreased as the concentration of EGF recep-
4). This increase could be due entirely to the inescapabletor increased (Figure 5).
decrease in the free concentration of EGF that results from The experiments described to this point were performed
the binding of EGF by EGF receptor if the concentrations with detergent extracts, and it was of interest to determine
of binding sites in the sample were in the same range as thewhether the response would be similar when EGF receptor
concentrations of the EGF. If this were the case, these resultsvas incorporated in a membrane. In membranes that had
would represent a kinetic titration of the binding sites (Jarrett not seen detergent, the activation of EGF receptor reaches
& Kyte, 1979), and from the slope of the line, it would be equilibrium rapidly (Table 1). The half-maximum point,
possible to estimate the turnover number for the tyrosine [EGF]?STYO.5 for activation by EGF of the tyrosine kinase in
kinase of EGF receptor. A linear fit was made through the the membranes, 3660 nM, agreed with that observed at
data from each separate experiment listed in Table 3, whereequilibrium for the activation of the tyrosine kinase in the
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Ficure 5: Behavior of the parameter [E@%‘]r,of)as a function of

the total concentration (nanomolar) of EGF receptor ([EGER]

in dilute samples of an extract of A-431 cells. Each symbol
represents an individual experiment where a sample of an extract
from A-431 cells (15 and 20 nM) had been diluted 2-, 5-, 10- or

20-fold. The activation of each diluted sample was followed as a
function of the total concentration of EGF by mixing the diluted N
samples with several concentrations of EGF and, after 60 min, |
measuring the initial velocity of the phosphorylation of the peptide

RRKGSTAENAEYLRV. The total concentration of EGF (nano-
molar) at which the activation of the tyrosine kinase was half-

maximal [EGF?CO‘TVO'5 was calculated from a nonlinear least-

squares fit of the data from each individual experiment to the . H . M
equation for a rectangular hyperbola. The curve represents theoreti-

cal results for scheme 11 with dissociation constant§gpf= 3.75

UM, Kgp = 7.5 nM, K; = 50 uM, K; = 1 nM, andK; = 2 pM.

Theoretical points were determined as a function of the total

concentration of EGF for a particular concentration of EGF receptor

using eqs 12, 14, and 15, and a rectangular hyperbola was fit to

the points from which a value for the parameter [Efr} s was Ficure 6: Immunoblots following the dimerization of EGF receptor
determined. A series of such theoretical values for the parameteras a function of the total concentration of EGF at different times
[EGFLrot,05wWere used to construct the theoretical curve. of exposure. Samples of an extract of A-431 cells (30 nM in EGF

receptor) were exposed to the noted total concentrations of EGF

detergent extracts of a higher concentration (Table 3). These{nanomolar) for 5 min (upper panel) or 60 min (lower panel). After

. . he specified time of exposure, glutaraldehyde was added to 220
results suggest that conflnemen.t in the mem_bra_ne does no M for 1 min, and an excess of glycine was then added to quench
alter the effect of the concentration of EGF significantly. It - the reaction. Samples were dissolved by adding SDS, spun through
is not possible, however, to vary systematically the concen- a G-50 spin column (1 mL), and submitted to electrophoresis and

tration of EGF receptor when it is in a membrane. immunoblotting. The monomeric and dimeric forms of EGF

Dimerization of EGF Receptor as a Function of the receptor were stained using a primary antibody against the carboxy

Concentrations of Both EGF and EGF Receptofhe f,{{j“ g“g:t‘;fn'ﬁfgbﬁf ?ﬂg;ﬁgg,gbcﬁiwgate of alkaline phosphatase

samples assayed for dimerization of EGF receptor were
exposed to EGF under the same conditions as those samplef®llowing its dimerization, the dimer of EGF receptor could
in which the activation of EGF receptor had been followed form heterocomplexes with other cellular proteins such as
by the assays for the tyrosine kinase activity so that the Structural proteins or other proteins under its control. If such
kinetics of the two processes could be compared. Becausel€terocomplexation were occurring, it would broaden the
the immunoblots for the dimerization assays performed with band. It would not, however, affect the quantification of
either purified placental extracts or unpurified placental the fraction of the protein that has dimerizéghe, because
extracts were too blurred to be interpreted quantitatively, all this is based entirely on immunostaining with an immuno-
results for the dimerization assays came from extracts of globulin that recognized only the carboxy terminus of the
A-431 cells. Samples (30L) of extracts of A-431 cells  Polypeptide of EGF receptor. Therefore, as long as the
were mixed with EGF at the noted final concentrations for corrections required are appropriate, as we believe them to
different intervals before the amount of dimer was measured be, the immunostaining measures only the relative numbers
by quantitative cross-linking with 220 mM glutaraldehyde Of polypeptides of EGF receptor in monomeric and dimeric
for 1 min (Figure 6). As previously reported (Canals, 1992), complexes, respectively, regardless of how many other
a small amount (about 10%) of the EGF receptor in the Polypeptides are associated with either complex of EGF
various extracts was dimeric in the absence of EGF, and atfeceptor.
the longer times and higher concentrations of EGF, almost The extent of dimerization of EGF receptdfime, dis-
all (>93%) of the EGF receptor has become dimeric. played saturation as a function of the concentration of EGF,
The band of dimeric EGF receptor is a|WayS quite broad and the data could be satisfactorily fit by the equation for a
on gels of cross-linked protein (Figure 6; Canals, 1992). The rectangular hyperbola. The values for the parameter
reasons that we believe it to represent only dimeric EGF [EGFITat, the total concentration of EGF producing half
receptor are that its formation is second-order in the of the maximum dimerization, for assays performed at short
concentration of monomeric EGF receptor (Canals, 1992) and long times were determined (Table 4) from these fits.
and that there is no clear division of this band into dimer The values for the parameter [EGE%S for dimerization
and trimer. One possible reason for its broadness is that,of EGF receptor as a function of EGF concentration change
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Table 4: Kinetic Values for the Dimerization of EGF Receptor as a
Function of Time of Exposure to EGF 03
[EGF receptof] time with A . ' {
(nM) EGF (mm) fdimer [EG F]Tl(r)n'l?,ro.s (nM) o 0.6
35 1 0.75 10 i
60 1.0 30 0.4
20 1 0.60 35
60 1.0 20 02
20 1 0.50 8
60 0.80 10 0
15 1 0.75 70 0 400 800 1200 1600
60 0.80 15 [EGF], ;. ("M)
5 1 0.45 60 . - .
60 0.95 60 Ficure 7: Dimerization of EGF receptor as a function of the total
—c 5 0.90 45 concentration of EGF at two concentrations of EGF receptor. A
15 0.80 100 portion of an extract from A-431 cells (30 nM in EGF receptor)
30 1.0 50 was diluted 6-fold, and samples from both this diluted extract and

" the undiluted extract were exposed to the noted total concentrations
Samples (3QuL) of an extract of A-431 cells were exposed 0 4t EGF (nanomolar) for 20 min. Glutaraldehyde was then added
several concentrations of EGF for the noted times. The dimerization {5 220 nM to cross-link all dimers of EGF receptor, and the reaction
of EGF receptor by EGF was followed in the various samples as a5 quenched with an excess of glycine after 1 min. The samples
described in Figure 6. The resulting immunoblots were then quanti- were then submitted to electrophoresis, and immunoblots were
tatively analyzed using densitometry, and the areas of absorbance ofsiained and then scanned using a densitometer. The fraction of
the stain from bands representing monomeric and_ dimeric forms_of dimeric EGF receptorf§me) that had formed was calculated from
EGF receptor were used, following several corrections, to determine the scans and is presented as a function of the total concentration

the fraction of the EGF receptor that had dimeriz&ghd) at a given of EGF ([EGF}or). Rectangular hyperbolas were fit to the data
total concentration of EGF ([EGfdr). The data were then fitto the  py 4 nonlinear least-squares program.
equation for a rectangular hyperbola using a nonlinear least-squares

imer

program to obtain values for the parametéfés, and [EGF{STy s
The parameteffjs, Was the value of the horizontal asymptote, and the

jmer

parameter [EGRLy s was the value for [EGFkbr for the point on the

Table 5: Equilibrium Values of the Parameter [E&E]; < for the
Dimerization of EGF Receptor as a Function of Its Concentration

hyperbola at whicHgimer was equal tdjrs/2. ® The concentration of ) [EGF receptor] .
EGF receptor is given as the final concentration in the solution prior  €xperiment (nM) [EGFloros(nM)
to adding the reagents for the assay of dimerization. The value for 1 15 40
this quantity was estimated from a turnover number of 5thand 2 20
the value of the maximum velocity of the enzymatic reaction for a 2 35 45
sample of the undiluted extract after 60 min of activatibmhe 6 30
concentration of EGF receptor was not determined in this particular 3 40 35
experiment. 6 2
4 (1.0) 45

. e . . 0.2) 15
only slightly with time at different concentrations of EGF 5¢ (1.0) 120
receptor. A systematic change with time in the value of the (0.5) 150
parameter [EGEET), that was less than experimental (0.25) 120
variation or that proceeded at short timesl(min) would a The values of [EGEJ, were determined in experiments
have escaped detection. identical to those of Figure 7. Rectangular hyperbolas were fit to the

data with a nonlinear least-squares program. The parameter

To examine the dimerization of EGF receptor as a function [EGFETE! _was the value of [EGRpr for the point on the hyperbola
at which fgmer was equal tof¥ /2 The concentration of EGF

of the concentration of EGF at different concentrations of

H H dimel
EGF receptor, dilutions of extracts of A-431 cells were made receptor is that of the final concentration in the volume of the mixture
in the same manner as they were for the experimentsprior to the addition of the glutaraldehyde. The value for this quantity
monitoring activation of the tyrosine kinase activity. In some Wwas estimated from a turnover number of 5 miiand the value of the
instances, the same cell extract was used for assays of botfnaximum velocity of the enzymatic reaction for the sample of the

dimerization and tvrosine kin to incr the reliabilit extract of A-431 cells after 20 min of activatiohThe concentration
eérization and tyrosine kinase to increase the reliability ot eGr receptor was not determined in these assays so the dilution is

of comparisons. Samples (3Q) of the variously diluted noted in parenthesis, where the undiluted extract equals 1.0.
cell extracts were exposed to different concentrations of EGF

(in a final volume of 45uL) for 20 min, followed by

guantitative cross-linking with 220 mM glutaraldehyde for kinase at the same concentration of EGF receptor (Table 3)
1 min. The results are presented as the fraction of dimer, at both the longer and the shorter times (Tables 1 and 4).
faimen @S @ function of the total concentration of EGF (Figure Consequently, the fraction of the EGF receptor that has
7). The values of the parameter [Eq‘;'g{ro_s were deter-  dimerized {yme) at a subsaturating level of EGF is always
mined in several such experiments (Table 5). As was the greater than the fraction of the EGF receptor that has been
case with the values of the parameter [Efgf} s for converted to active enzymeo(Vmay.

tyrosine kinase activation (Figure 4), the values of the DISCUSSION

parameter [EGEET)  for the dimerization of EGF recep-

tor increase monotonically with the concentration of EGF It has been shown that dimerization is the rate-limiting

receptor (Figure 8), though the slope is considerably smaller.step for the activation of the tyrosine kinase of EGF receptor
The value of the parameter [EGE} osfor the dimerization and that the activation of the tyrosine kinase is a second-
of EGF receptor (Table 5) is always less than the value of order reaction in the concentration of EGF receptor (Canals,
the parameter [EGIr o5for the activation of the tyrosine  1992). Both irreversible (Canals, 1992) and reversible
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250 for [EGF& o5 and [EGF{gry s were obtained over the
range of the concentrations of both EGF and EGF receptor
explored in the experiments. The various dissociation
constants and rate constants in the equations were set so that
the parameters [EG§; o s or [EGFIGr, s calculated from
100 the theoretical mechanisms were as similar as possible to
those of the experimental data in the range of the concentra-
50 . ) tions of EGF receptor used. It was possible to compare the
behavior of each mechanism with the actual data by solving
0 10 20 30 40 50 the equations and plotting curves of theoretical data for the
[EGFR],__ (nM) various mechanisms.

200+

(nM)

150

dimer
TOT,0.5

[EGF]

TOT
FIGURE 8; Relationship between the parameter [E?g'?li.s and Recent studies of growth hormone receptor have shown
the concentration of EGF receptor. The parameter [EGH]; is that two molecules of the artificially produced, monomeric

the total concentration of EGF (nanomolar) at which the dimer- extracellular domain of the receptor can cooperate to bind
ization of EGF receptor was at half of the maximum value in a one molecule of growth hormone and form an asymmetric

given experiment. Each value of the parameter [@@Fﬂls was . ;
obtained from a nonlinear least-squares fit of a rectangular complex (de Vos et al., 1992; Cunningham e_t al, 1991.)' T_he
hyperbola to the data as was done for the experiment displayed inf€levance of such a complex to the mechanism of activation

Figure 7. The total concentrations of EGF receptor (nanomolar) of growth hormone receptor is unknown. In the proposal
were calculated from the values W for each preparation of  for the activation of EGF receptor that is based on the

EGF receptor using the turnover number of 5 mifor angiotensin : : ;
Il observed for EGF receptor in extracts of A-431 cells. The points behavior of the extracytoplasmic domain of growth hormone

used in this plot are listed in Table 5. The curves drawn represent "€Ceptor, the only accessible dimer would be a complex
the behavior of theoretical values of the parameter [EGf]sfor containing two monomers of EGF receptor and one molecule

dimerization. For each concentration of EGF receptor, a set of of EGF, and this would also be the only enzymatically active

theoretical points was generated with eqs-18 and fit with a PR ;
hyperbola, and the resulting theoretical values of [EGF] swere form.  Application of the proposed mechanism for the

then fit to smooth curves with cubic splines. The values for the activation of growth hormone receptor to the activation of
dissociation constants used for the solid curve were the same asEGF receptor would produce the scheme

those used in Figure 5Kgy = 3.75uM, Kgp = 7.5 nM,K; = 50
uM, Kz = 1 nM, andKz = 2 pM.

2Kam

2R + 2H R+H+HR

ke ©®

2RH

(Yarden & Schlessinger, 1987a,b; Schlessinger, 1988) mech-
anisms requiring dimerization during the activation of EGF
receptor have been proposed as well as a mechanism similar RHR + H

to that recently proposed for the activation of growth

hormone receptor by growth hormone (Cunningham et al., where R is the monomer of EGF receptor, H is epidermal
1991; Lax et al., 1991). A common feature of all of these growth factorKgw is the dissociation constant for EGF from
proposals is that all forms of dimeric receptorRRe where its binding site on monomeric EGF receptor, dfis the

i = 0—2) have been assumed to be active. These proposalglissociation constant for the dimer. An equation was derived
can be discussed in turn, each in light of the results presentedor the fraction of activated receptor, RHR, as a function of
here. The peculiar features of the present results with which the concentration of free epidermal growth factor, containing
a given mechanism must be consistent are the sigmoidas parameters the dissociation conskat, the dissociation
behavior of the binding of EGF (Figure 2), the lack of any constant,, and the total concentration of receptor {&}
inhibition of activation by high concentrations of EGF, the From this expression, theoretical values f@fVmax could
decrease in the value of the parameter [EGH]s for be calculated

activation of the tyrosine kinase as the concentration of EGF

receptor is increased (Figure 5), and the smaller value of v,  2[RHR] KKy’ I [H] |2

the parameter [EGR}ros for dimerization (Table 5) than = R] = 8[RlorH1 | (1 + K_) +

for activation of the tyrosine kinase (Table 3). max ToT ot am

In order to compare the simulations for the various W]m_ 1.,.@]2 7)
mechanisms to be discussed with the experimental data KamKz' Kam
presented in this report for the behavior of [E@dtlosas a

function of the concentration of EGF receptor (Figures 4, 5, wherew, is the initial velocity of the enzymatic reaction of
and 8 and Tables 3 and 5), the following procedure was EGF receptor activated at any concentration of EGfyis
adopted. Schemes were drawn for the proposed mechanismghe initial velocity that EGF receptor would display if all of
and equations were derived for describing the activation of it were in the form RHR, [RHR] is the concentration of active
the tyrosine kinase or the fraction of dimer predicted by each dimeric receptor, [H] is the concentration of free EGF in
of these schemes as a function of the total concentration ofsolution, and [Rjor is the concentration of EGF receptor in
EGF and the total concentration of EGF receptor. Individual all of its forms. The factor of 2 before [RHR] is required to
points of theoretical data were then calculated using theseadjust for the fact that there are two monomers, R, in each
equations, and rectangular hyperbolas were fit to thesemolecule of RHR. The amount of receptdrormone
theoretical data, just as they had been fit to the experimentalcomplex that would be formed as a function of the total
data. From these rectangular hyperbolas, theoretical valuexoncentration of EGF in all of its forms, [kr, and hence
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1 made 0.1 nM, the data displayed in Figure 3 can be fit by
egs 79, and there is no significant inhibition by EGF even
at concentrations of 16M. When equations for rectangular
hyperbolas are fit to sets of such theoretical data, the behavior
of the parameter [EGIrdro5as a function of the concentra-

o4 tion of EGF receptor also was similar to the experimental
data (Figures 4 and 5). It should be noted, however, that, if
ouf\ the value ofK;' is so much smaller than the value i€,
the association of the two monomers cannot be the result of
0 T e 0 e forming only the two interfaces between the two respective
(EGFL (M) monomers of EGF receptor and the one molecule of EGF.

It is also necessary that either a global conformational change

FIGURE 9: Theoretical activation of EGF receptor predicted by the . . s
mechanism that has been proposed for growth hormone receptorf)ccur in the EGF upon the formation of the first interface to

Equations 7-9 were used to calculate the theoretical tyrosine kinase Increase its affinity for the second monomer dramatically or
activity (vo/Vmay Of activated EGF receptor as a function of the there must be extensive energetically favorable contacts,

total concentration of EGF (nanomolar) according to the proposed which do not involve the molecule of EGF, between the two
mechanism of activation for growth hormone receptor (scheme 6).
The paramete¥nay is the value of the initial velocity that would protomers of EGF receptor themselv-es.
have been observed if all of the EGF receptor had dimerized and The scheme based on the behavior of the extracellular
were active. Theoretical data were fit by cubic splines to produce domain of growth hormone receptor (scheme 6), however,
:]hﬁ S}T?O_th fgrr‘]’*,\?/ls)- E}q;:{'/g”ﬁgl‘fcrggi}%”&; W;(;i‘; tcshcs’ﬁﬁﬂg tlo()(t)he is inconsistent with the behavior of the enzymatic activity

’ 2 = - . .
experimental half-maximum values for the activation of EGF of EGF r_eceptor as a funcno_n of the_ concentration of EGF
receptor. Each curve was for a different value of the total atshorttimes of exposure, with the differences seen between
concentration of EGF receptor (10, 20, and 40 nM in ascending activation and dimerization, and with the sigmoid behavior
order). of the binding of EGF. Theoretical curves generated by
kinetic equations describing the behavior of scheme 6

immediately after the addition of EGF to the solution do

0.8

0.6 4

Vo/ Vinax

TOT

the value forvy/Vmax (Figure 9), can then be calculated by

noting that not display saturation in the range of concentrations sampled
R NE in the experiments but pass through maxima at much higher

[Hl1or = [H]|1+ u + L') (8) levels of EGF. The values of the parameter [Eﬁ%‘E])_S
Kiv — KamKs calculated from these curves are much greater than any of

. ) ) . the values measured experimentally at the shorter times
where [R] is the concentration of unliganded, monomeric (Table 1). In addition, if scheme 6 were operating, the values

EGF receptor of the parameter [EGkjr,0.swould have to be the same for
. HI\2  S[H][R].o 112 H both activation and dimerization because the only active
(l + u) 4 TOTH g 4 H enzyme would be the one that has dimerized, RHR. This
N Kam KamKz' | Kam aspect of scheme 6 disagrees with the experimental results,
[R] = A[H] ©) because the value of the parameter [EXSE) s (Tables 4
KoKy and 5) is always less than the value of the parameter

[EGF&r o5 (Tables 1 and 3). In addition, if scheme 6
As the concentration of hormone increases. the amount of Vere the correct description of the mechanism of activation,

the complex between growth hormone and the two domains the maximum velocity (_Jf the activated enzyme should not
of growth hormone receptor reaches a maximum and thennecessanly_ be proporuqngl to the concentration of EGF
decreases at higher concentrations of hormone (Cunninghanf€ceptor (Figure 9), as it is (Table 3). For the observed
etal.,, 1991). The same effect is observed in the theoreticalMaXimum velocity to be proportional to the concentration
behavior predicted by scheme 6 (Figure 9). The experi- of EGF receptor, the maxima of the theoretical curves of
mentally observed activation of EGF receptor, however, does o/ Vmax Would all have to have the same value for every
not display this behavior because the concentration of activeconcentration of EGF receptor tried, which they usually do
tyrosine kinase increases as a function of the concentrationn°t (Figure 9).
of EGF until it reaches saturation (Figure 3) and does not The final inconsistency between the experimental results
display any inhibition by EGF. There was no indication of and the theoretical behavior predicted by scheme 6 is the
any decrease in enzymatic activity at the higher levels of sigmoid behavior observed in the binding of EGF. When
EGF. Therefore, the EGF-dependent activation of EGF binding curves for EGF were calculated for scheme 6, the
receptor does not resemble the formation of the crystallo- parametern was always less than 1 when dissociation
graphically observed complex between the extracytoplasmicconstants were used that gave theoretical data similar to the
domain of growth hormone receptor and growth hormone. data observed experimentally (Figure 3). According to the
The behavior observed experimentally at equilibrium, nonlinear, least-squares fits, however, every binding curve
however, is not inconsistent with scheme 6. If the value of for EGF displayed sigmoid behavior with a valuengjreater
K7 is made several orders of magnitude smaller tKam, than 1. Even though the experimental fluctuation was high
the inhibition by high concentrations of EGF is not significant and even though, of necessity, the values of the Hill
even within the large range of concentrations that was coefficientn depend on the deviation from ideality of the
sampled in the experiments described here. For example, ifdata at low concentrations ofH]EGF where the bound
the value ofKgy is made 10 000 nM and the value ¥f' is counts per minute were usually less than 100 cpm, the results
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were consistently sigmoid, and over seven experiments, thecells is dimeric as determined by cross-linking with glut-
mean of the values for the Hill coefficient was statistically araldehyde in the absence of EGF. This population probably
greater than 1. Because of the sigmoid behavior in the arises from nonspecific or artifactual dimerization or ag-
binding of hormone, the proportionality betwe¥p.x and gregation. When the concentration of EGF receptor is
the concentration of EGF receptor, the difference betweenincreased in the absence of EGF, the fraction of this dimeric
the values of the parameter [EGE{ osfor dimerization and receptor does not increase (Canals, 1992) as it must if this
activation, and the saturation observed at short times of unliganded dimer were involved in the equilibria described
exposure to hormone, scheme 6 is inconsistent with thein scheme 10. Therefore, there is no evidence for the
experimental observations. unliganded, dimeric form of EGF receptor described in
In a previously described irreversible mechanism for the scheme 10 that is in free equilibrium with the monomeric
activation of EGF receptor (Canals, 1992), it was proposed form. For scheme 10 to fit the experimental results, the
that the dimerization of the protein would involve an parameteK; must be large enough to prevent dimerization
irreversible step preventing the dimers of EGF receptor from from becoming significant in the absence of EGF. Even at
dissociating to monomers. If EGF receptor, however, were the highest concentrations of EGF receptor examined in these
activated by an irreversible mechanism, its level of activation studies (86-100 nM), there was no indication that the dimer
would continuously increase with time until completion of could form in the absence of EGF, so it must be the case
the reaction, and the values of the parameter [EGH]s thatK; is greater than 500 nM.
would decrease continuously with time. This would mean  The experimental observations presented in this report are
that any level of EGF could activate all of the EGF receptor inconsistent with the mechanisms for the activation of EGF
in a given sample given enough time. In fact, however, after receptor shown in scheme 10 in another aspect. Because
EGF receptor has been exposed to EGF for1®min, the all forms of dimeric EGF receptor are active in scheme 10,
value of the parameter [EG; s does not change sig-  there should not be any difference between the parameters
nificantly, even at exposure times of 60 min (Table 1). These [EGFlror,05 for the dimerization of EGF receptor and the
results are inconsistent with an irreversible mechanism of activation of the tyrosine kinase. The results reported here
activation. show that there is (Tables 3 and 5).

Another proposal for the mechanism of activation of EGF  As the equations for the previously proposed mechanisms
receptor is that the monomeric and dimeric forms of the and other possible mechanisms were being derived, it became
enzyme are in equilibrium and the binding of EGF shifts clearer which features were necessary in a mechanism that
this equilibrium to favor the enzymatically active, dimeric could explain the experimental observations for the binding
form of EGF receptor (Yarden & Schlessinger, 1987b). This of EGF, the dimerization of EGF receptor, and the activation
reversible mechanism for the activation of EGF receptor by of the tyrosine kinase. A mechanism that is consistent with

EGF is the data gathered in these experiments is
B Ky Kam/2 2Kam
2H + 2R 2H+ R, 2H + 2R HR+H+R 2HR
Kam? Kap? (10) Ky J K2 Ks (11)
Ks
2HR =—= HyR, 2H+2R=—= HRy;+H =—= H,R,

Kap' dD

whereK; andKj; are the dissociation constants for dimeric . . L . .

. . whereK; is the dissociation constant for partially occupied
forms of unoccupied EGF receptor and fully occupied EGF . ~ ~ - . o

. ! A .__dimeric EGF receptor anlyp’ is the dissociation constant
receptor, respectively. The active species in this mechanism . S

X ) . ; for hormone from HRR The only active species is;R,,

are those receptors that are dimeric, and they incl R and in the range of concentrations sampled in these experi
H.R,. The steps required for dimerization and activation in 9 P P

this mechanism are the bimolecular steps governe&by ?Jv%n;ié:ér:gr'zﬂogeolfigz otglryhvz\iIQ?GZIi:t tl)iii[ dot?)eitOf'l:Eﬁg
andKs;. To determine the fraction of active EGF receptor P '

as a function of the concentration of EGF, equations were Lthsz?éT]iUZ:orrrgsse%ft IiEnGsli: ﬁ;gg;ﬁ;ﬁﬁ;?ﬁ%ﬁg&gﬁa HR
derived for the behavior of the levels of tyrosine kinase P 9

activity as a function of the total concentrations of EGF and does_not dlsplay tyrosmg kinase act|V|'ty; only the complex
EGF receptor. H.R; is enzymatically active. The fraction of enzymatically

The theoretical curves for/Vmax as a function of the total active EGF receptor would be
concentration of EGF generated in these simulations describe 2112
behavior displaying saturation and resembling that observed Yo _ 2[HzR] = 2HITR]
in Figure 3. The value of the parameter [EGH]os as a Vimax  [Rlror  Kg?Ks[Rlor
function of the concentration of EGF receptor was also
similar to that of the values for the parameter [E@tbs  and the fraction of dimeric EGF receptor would be
for the activation of the tyrosine kinase that were determined
experlmenta-lly (Flgure§ 4 and 5). B 2[R, B 2[R]2 ( 1 [H] [H]2

One possible inconsistency between scheme 10 and the o, = = -+ + >
experimental observations lies in the fact that unliganded, [Rlror [R]TOT\Kl KoKam KsKgm
dimeric EGF receptor has yet to be observed. As mentioned
earlier, about 10% of the EGF receptor isolated from A-431 where [R]a is again all forms of dimeric EGF receptor;,R

(12)

(13)
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[EGF]?'&”?TO.S predicted at low concentrations of EGF recep-
tor. It may be that the concentrations of EGF receptor
examined experimentally could not be made low enough.
The quantification of the dimerization of EGF receptor is
limited by the sensitivity of the immunoblots that are probed
with polyclonal antibodies recognizing the carboxy terminus
of the receptor. At very low concentrations of EGF receptor,
it would be difficult to quantify the fraction of dimeric and
monomeric forms of EGF receptor present at a particular
concentration of EGF. Nevertheless, using the same set of
parameters (curves in Figures 8 and 10), it was possible to
) _ _ produce values for the parameter [E&t]o.sthat mimicked
Ficure 10: Relationship between the experimental measurementsiha increase as a function of the concentration of EGF

t . .
of the parameter [EGRyqs for activation of EGF receptor  yocantor seen for both dimerization and tyrosine kinase
(points) and theoretical estimates of its behavior (curves) as a_ ..~ . -
function of the total concentration of EGF receptor. The points are activity at the higher concentrations.
the data from all of the experiments (Table 3 and Figures 4 and 5). Equation 14 was also used to calculate curves for the
The total concentration of EGF receptor (nanomolar) was either binding of EGF to EGF receptor together with the equation
determined directly by the assay of EGF binding or calculated from

200

[EGF]“;E)TIQS M)

T T T T
0 50 100 150 200 250
[EGFR],_ . (nM)

TOT

the value of the paramet¥®,a« for the preparation of EGF receptor ] [HI[R] [R] 2[H][R]
and the appropriate turnover numbers for phosphorylation of [H-site]=———1+ =+ ——"— (16)
angiotensin Il. The solid curve was produced with egs 12, 14, and Kam Kz KoKap

15 using values for the dissociation constant&gh = 3.75uM,

Kgp = 7.5 nM,K; = 50uM, K, = 1 nM, andKz = 2 pM. For each where [Hsite] is the concentration of all forms of bound

concentration of EGF receptor, a set of theoretical points was EGF, In several simulations in which the dissociation

gfenérglt:egctand fit with a hé/perbola. The rers1ult|ng theI:)retlcaI vaI-ulqes constants for scheme 11 were varied, valuesnfas large

of [EGFlroros Were used to construct the smooth curve With 55 1 g \yere readily observed; none was less than 1. This

cubic splines. . . ! . . -
observation establishes that sigmoid behavior for the binding

HR,, and HR,, [R] is the concentration of free EGF receptor 0f hormone is required by this mechanism. This requirement
agrees with the experimental observations (Figure 2).

[H] }? 1 [H] Because the equations derived from the mechanism of
[R] = 1+§ +8[Rlror{ic ¢ K, + scheme 11 were complex and each contained several
M ! Zam adjustable parameters, it was not possible to fit any of the

[H]2 172 [H] 1 [H] [H]2 equations to the data by any program at our disposal for
— -1+ Ko /4] K. + KK + P (24) nonlinear least-squares numerical analysis. The theoretical
KsKam dm 1 2%dm - KgKyy, curves that have been presented were all fit to the data by

trial and error and do not necessarily represent the most ideal
choice of the fitting parameters. Therefore, the values of
2) the parameters used are not definitive or probably even close
(15)

and [H] is the concentration of free EGF

2
R, R’ 2HIR

to their actual values. Ideally, there should be a set of
Kaw — KoKawm K3Kd,\,,2

dissociation constants that can duplicate the experimental data
for the binding of EGF, the dimerization of the EGF receptor,
The main difference between scheme 10 and scheme 11 isand the activation of the tyrosine kinase. It would probably
that the only active dimeric form of EGF receptor in scheme be possible to find dissociation constants for the theoretical
11 is HR,. Although we have included the unliganded, mechanism shown in scheme 11 that do fit all of the
dimeric form of receptor, R there is no reason to believe experimental results more closely if a least-squares comput-
that unliganded, dimeric EGF receptor would ever form in ing program were available that could handle equations as
the cell. Because its concentration has never been significantcomplex as these.
under the explored experimental conditions, its properties The mechanism proposed in scheme 11 has several unique
and even its existence are in doubt. features. Dimeric EGF receptor may form in the absence
The values for the various dissociation constants in eqs of EGF but is not present at significant concentrations in
12—15 were varied by trial and error until the calculated the range examined in the experiments. The complexes R
values resembled the experimental values for the parameteand HR are dimeric but inactive. Dimeric EGF receptor
[EGF}ot,05for both tyrosine kinase activity and dimeriza- must be occupied by two molecules of EGF for enzymatic
tion. The equations derived from the mechanism shown in activity to be expressed. The most important conclusion,
scheme 11 could generate theoretical curves for the activationhowever, that follows from these simulations is that the
of the tyrosine kinase activity (Figure 10) that closely behavior of the parameter [EG} o5 as a function of the
resemble the behavior displayed by the experimental dataconcentration of EGF receptor is consistent with an absolute
(Table 3 and Figures 4 and 5) both at high concentrations requirement for dimerization of the protein in its activation.
of EGF receptor and at low concentrations (see the theoreticalThe apparent invariance of this parameter at the higher
curve in Figure 5). The theoretical curves for the levels of concentrations of EGF receptor (Figures 4 and 8) was not
dimerization (Figure 8) display the differences observed due to the absence of such a requirement, as had been
between the parameters [EGH] o5 for activation of the previously proposed (Koland & Cerione, 1988), but to the
tyrosine kinase and the dimerization. The data for dimer- fact that the concentrations of EGF and EGF receptor were
ization, however, do not display the increase in the parameterin the same range so that the binding of the EGF was

[H]or = [H]
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significantly decreasing the free concentration of the EGF.

Sherrill and Kyte

Harlow, E., & Lane, D. (1988Antibodies, A Laboratory Manual

When this is accounted for, the data are readily reconciled Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

with a mechanism requiring dimerization for activation. This
reconciliation is reinforced by the increase in the value of
the parameter [EG%‘(};T’O_S at the lower concentrations of
EGF receptor (Figure 5).
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