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ABSTRACT: Transforming growth factorR (TGF-R), epidermal growth factor (EGF), and related factors
mediate their biological effects by binding to the extracellular domain of the EGF receptor, which leads
to activation of the receptor’s cytoplasmic tyrosine kinase activity. Much remains to be determined, however,
about the detailed molecular mechanism involved in this ligand-induced receptor activation. The
determination of the binding mechanism and the related thermodynamic and kinetic parameters are of
prime importance. To do so, we have used a surface plasmon resonance-based biosensor (the BIAcore)
that allows the real-time recording of the interaction between TGF-R and the extracellular domain of the
EGF receptor. By immobilizing different biotinylated derivatives of TGF-R on the sensor chip surface,
we demonstrated that the N-terminus of TGF-R is not directly involved in receptor binding. By optimizing
experimental conditions and interpreting the biosensor results by several data analysis methods, we were
able to show that the data do not fit a simple binding model. Through global analysis of the data using
a numerical integration method, we tested several binding mechanisms for the TGF-R/EGF receptor
interaction and found that a conformational change model best fits the biosensor data. Our results, combined
with other analyses, strongly support a receptor activation mechanism in which ligand binding results in
a conformation-driven exposure of a dimerization site on the receptor.

Transforming growth factorR (TGF-R),1 epidermal growth
factor (EGF), and related factors are mitogens that mediate
their biological effects by binding to and activating the EGF
receptor. Once activated, the receptor transmits signals across
the plasma membrane, which ultimately lead to cell growth
and division (1, 2). The EGF receptor is composed of three
domains: the ligand-binding extracellular domain, a single
transmembrane helix, and a tyrosine kinase cytoplasmic
domain (3). Ligand binding induces receptor dimerization
and simultaneous activation of its intrinsic tyrosine kinase
activity. This activation results in the phosphorylation of
tyrosine residues on a set of target proteins that include the

EGF receptor cytoplasmic domain itself. This increase in
tyrosine phosphorylation initiates a cascade of events that
moves through the cytoplasm to the nucleus and results in
effects on cell division and differentiation. Since the binding
of ligand to the EGF receptor extracellular domain is the
initial interaction in the EGF receptor response pathway, an
elucidation of the molecular mechanism of this interaction
is required for the rational design of agonists and/or
antagonists to the EGF receptor.

Essential to our understanding of the molecular basis of
ligand-receptor interactions is the determination of the
thermodynamic and kinetic parameters associated with these
binding events. The recent availability of optical biosensors,
such as the surface plasmon resonance (SPR) detector (the
BIAcore), allows for the detection of macromolecular
interactions in real time. Rate constants that otherwise would
have been difficult to obtain can now be measured. In a
typical BIAcore experiment, one component (termed the
ligand) is immobilized onto the dextran layer of the sensor
chip in the system microflow cell. A solution containing the
second interacting component (termed the analyte) is then
flowed over the immobilized ligand. As the analyte and
ligand interact, the mass at the sensor chip surface increases
and this causes a refractive index change that is measured
as a change in the SPR angle. The results are plotted in the
form of a sensorgram (resonance units versus time), which
consists of a wash-on phase that begins as soon as the analyte
is injected over the surface and a wash-off phase that
corresponds to the time point when the analyte solution is
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replaced by buffer. We have adapted the BIAcore system
for analyzing the interaction between TGF-R and the EGF
receptor extracellular domain (EGFR-ED) by immobilizing
TGF-R and flowing a solution of purified EGFR-ED.

At present, there are three methods available to calculate
kinetic rate constants from biosensor data (4). These are (i)
linearization (5), (ii) curve fitting with analytical integration
(6), and (iii) curve fitting with numerical integration (7).
Analysis by the linearization or integrated rate equation
methods is sufficient for interpreting a simple bimolecular
or Langmuir interaction. However, it has become apparent
that most of the interactions that have been studied with
biosensors yield data that do not fit this simple binding
model, as evidenced by curved plots following linearization
or by the inability to be fit by a single integrated equation.
This behavior may be the result of physical effects that occur
in the biosensor or alternatively may be indicative of the
need for a more complex reaction mechanism to describe
the interaction. By analyzing the biosensor data from the
TGF-R/EGF receptor extracellular domain interaction by all
three data analysis methods, we have been able to show that
the data do not fit a simple binding model. It has recently
been proposed that physical effects in the biosensor such as
heterogeneity of the immobilized ligand may provide an
explanation for the deviation of BIAcore data away from
fitting a simple model more often than explanations requiring
more complicated binding models (8). By varying experi-
mental conditions and minimizing heterogeneity on the
surface by immobilizing the ligand through a single site, we
eliminate these proposed physical effects as an explanation
for the nonconformity of the TGF-R/EGF receptor extracel-
lular domain biosensor data.

On the basis of information derived from solution studies,
we have proposed several binding mechanisms for the TGF-
R/EGF receptor interaction that are more complicated than
the simple bimolecular interaction model. These include (1)
a model involving a conformational change or transformation
of the complex following ligand binding [this model is based
on solution data indicating that the ligand induces a confor-
mational change in the receptor (9)]; (2) a model proposing
the formation of a receptor dimer [this model was formulated
on the basis of studies done by Brown et al. (10) and
Lemmon et al. (11) indicating that receptor dimerization
follows ligand binding]; and (3) a model involving the
formation of a complex composed of one ligand and two
monomers of receptor [this model is based on the behavior
of the growth hormone receptor (12)]. Using the numerical
integration method, we demonstrate that the conformational
change model best fits the biosensor data.

EXPERIMENTAL PROCEDURES

Equipment and Reagents.Human TGF-R was purchased
from Bachem Bioscience Inc.. Human EGF was purchased
from Austral. Streptavidin and NHS-SS-biotin were pur-
chased from Pierce. The amine coupling kit containing NHS,
EDC, and 1 M ethanolamine, pH 8.5, and CM5 sensor chips
were purchased from BIAcore Inc.

Production and Purification of the EGF Receptor Extra-
cellular Domain. Recombinant baculovirus carrying the
EGFR-ED cDNA was generated as previously described
(10). Twenty liters of SF9 cells [(5-10) × 106 cells/mL]

grown in suspension (SF-900 medium) were infected with
recombinant baculovirus at a MOI between 0.5 and 3. The
culture supernatant containing the EGFR-ED was harvested
at 72 h postinfection. The supernatant was either frozen after
addition of PMSF (0.1 mM) and glycerol (10% v/v), or the
EGFR-ED was immediately purified as previously described
(13). The purity of EGFR-ED (more than 85%) was
determined by densitometric scanning of Coomassie Blue
stained gels and the concentration by the Lowry method after
dialysis against PBS.

Biotinylation of TGF-R. Lyophilized TGF-R (50 µg) was
dissolved at a concentration of 1 mg/mL in 0.1 M sodium
bicarbonate, pH 8.5. NHS-SS-biotin (56µg) was dissolved
in DMSO and was added to the TGF-R solution. This
represents a 10-fold molar excess of biotin over TGF-R. The
mixture was incubated for 4 h at 25°C after which 200µL
of 0.1% TFA was added. Free biotin, unbiotinylated TGF-
R, and the different biotinylated derivatives of TGF-R were
separated by reverse-phase HPLC on a C-18 column (Vydac)
with a 18-40% acetonitrile gradient in 0.1% TFA over a
120 min period.

125I Competition Binding Assay.Human EGF was iodi-
nated by the chloramine T method as described (14).
Competition of125I-EGF binding to the EGFR-ED was done
by microtiter plate assay essentially as described previously
(10). Briefly, the EGFR-ED was incubated with125I-EGF in
assay buffer [150 mM NaCl, 10 mM Hepes, 0.1% (w/v)
NaN3, 0.1% (w/v) BSA, and 0.02% (v/v) Tween 20, pH 8.0]
in the presence of increasing amounts of TGF-R or the
biotinylated derivatives of TGF-R on removable microtiter
wells precoated with a monoclonal antibody specific for the
EGFR-ED. After a 3 h incubation at 37°C, the unbound
125I-EGF was removed by a single wash with assay buffer
at room temperature. The amount of bound125I-EGF was
determined with an LKBγ counter and, for each concentra-
tion of the competing molecule, is expressed as the percent-
age of binding obtained in the absence of competing
molecule. When experiments were done in the presence of
streptavidin, the biotinylated derivatives of TGF-R were
preincubated with different concentrations of streptavidin for
1 h at room temperature in assay buffer prior to the
incubation with125I-EGF.

Immobilization of TGF-R on the Sensor Chip Surface.
Streptavidin was immobilized on the surface of a CM5 sensor
chip by the standard amine coupling procedure. All BIAcore
experiments were done at a flow rate of 5µL/min unless
otherwise stated. Reagents were injected (35µL) in the
following order: 0.05 M NHS/0.2 M EDC mixture, strept-
avidin (150-300 µg/mL) in 20 mM acetic acid (pH 4.0),
and 0.1 M ethanolamine (pH 8.5). The amount of im-
mobilized streptavidin was typically between 2000 and 4000
RU. The biotinylated derivatives of TGF-R were diluted in
HBS [20 mM Hepes (pH 8.0), 150 mM NaCl, 3.4 mM
EDTA, and 0.05% Tween 20] and repeatedly injected over
the streptavidin surface until a desired amount was im-
mobilized (ranging from 50 to 1000 RU). For binding and
kinetics analysis, the dialyzed EGFR-ED was diluted in HBS
and injected over the TGF-R surface at different concentra-
tions at a flow rate of 5µL/min. The TGF-R surface was
regenerated by injecting 4µL of 10 mM HCl.

Analysis of SPR (BIAcore) Measurements.Sensorgrams
were analyzed by linearization of the data with BIAevalu-
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ation 1.0 (Pharmacia), by nonlinear least-squares curve-fitting
with integrated rate equations by use of BIAevaluation 2.1
software (Pharmacia), and by numerical integration using
the SPReVolution software developed in our laboratory
(freely available on the Internet http://www.bri.nrc.ca/csrg/
equip.htm#biacore).

Mathematical Modeling and Parameter Estimation with
SPReVolution. The various models were transposed into
differential equations by making a mass balance on all
species present in the dextran matrix. For instance, the simple
bimolecular interaction model leads to the following equa-
tions:

with, at t ) 0,{free} ) {free}t)0 and{bound} ) 0. {free}
and{bound} refer to the concentrations of free TGF-R and
ligand-receptor complex, respectively, per unit volume of
solid phase. [sol] refers to the concentration in solution of
EGF receptor. It is assumed that the flow in the cell is
sufficiently high so that there is no depletion of EGF receptor
in solution and its concentration remains constant.

This set of nonlinear differential equations was solved
numerically by an adaptive step-size Runge-Kutta method
(15). The resulting routine was used in a nonlinear regression
program with Marquardt’s algorithm (16) to estimate the
values of the constants from experimental data. The same
process was applied to all the models that were tested. In
the case of the fast binding followed by a slower confor-
mational change (Figure 9C), the following set of equations
was used:

with, at t ) 0, {free} ) {free}t)0 and{bound1} ) {bound2}
) 0, where{bound1} and{bound2} refer to the concentra-
tions of unrearranged and rearranged ligand-receptor ad-
ducts, respectively.

For each model, the kinetic parameters and the active
quantity of ligand bound to the matrix were considered as
global parameters for a given set of curves integrated
globally. Moreover, two local parameters were added for
each curve to take into account the bulk effect at the
beginning of the wash-on and wash-off phases, respectively
(see the SPReVolutionsoftware manual for more details about
curve preparation and kinetic models).

EValuation of the Goodness of Fit for the Various Kinetic
Models.For each set of residuals (difference between the
experimental values and the values calculated by numerical

integration for each kinetic model), three statistical values
were calculated:

(1) Standard DeViation of the residuals.SD ) [Σ(Resi -
Resav)2/(n - 1))1/2, where Resi and Resav are the values of
the i th residual (difference between the calculated and the
experimental point) and the average residual value andn is
the number of points.

(2) + or - Signs Statistic (Z1) (17).Each residual is
replaced by its sign value (+ or -) and the following statistic
is then calculated on the newly created data set:

whereR1 is the number of positive runs,n1 is the+ number,
and n2 is the - number. Assuming that the residuals are
independent, the above statistic follows a Normal law with
a mean equal to 0 and a variance equal to 1.

(3) Run Up and Down Statistic (Z2) (17).By use of the
residuals setx(i), a new set of data,y, is created withy(i) )
x(i) - x(i+1). As for the above test, eachy value is then
replaced by its sign value (+ or -). If we call R2, the number
of positive y(i) of the runs, then the statisticZ2 ) {R2 -
[(2n -1)/3]/[16n - 29)/90]1/2 also follows a normal distribu-
tion whose mean) 0 and variance) 1 if the residuals are
independent.

RESULTS

Characterization of the Biotinylated DeriVatiVes of TGF-
R. To generate a homogeneous, oriented sensor chip surface,
we decided to take the approach of biotinylating TGF-R,
separating the biotinylated derivatives, and immobilizing each
of them on a streptavidin surface. The reaction between NHS-
SS-biotin and TGF-R yields a mixture of biotinylated
derivatives that can be separated by reverse-phase HPLC on
a C-18 column. The TGF-R molecule contains two free
amino groups, one at the N-terminus and one on the lysine
at position 29. The presence of two sites for biotinylation
on the TGF-R molecule predicts the possibility of generating
three different biotinylated derivatives: one monobiotinylated
at the N-terminus, one monobiotinylated at lysine 29, and
one dibiotinylated at both amino groups. As expected, in
addition to unbiotinylated TGF-R, three major peaks were
separated by HPLC (data not shown). The molecular masses
of unbiotinylated TGF-R and of the three different peaks
were analyzed with a Lasermat mass analyzer (Finnigan Mat)
and determined to be approximately 5558 (unbiotinylaled
TGF-R), 5960 (peak 1), 5944 (peak 2), and 6329 (peak 3)
Da. Considering that each addition of a S-S-biotin molecule
on the TGF-R molecule will result in an increase in molecular
mass of 382 Da, we can conclude that peak 1 and peak 2
are monobiotinylated and that peak 3 is dibiotinylated. To
determine which peaks contained derivatives that were
biotinylated at the N-terminus, they were subjected to
N-terminal Edman degradation. Peaks 2 and 3 were resistant
to Edman degradation, indicating the presence of a biotin
molecule at the N-terminus. Peak 1 was not protected from
Edman degradation, confirming the absence of biotin at the
N-terminus. We therefore conclude that peak 1 is biotinylated
at lysine 29, peak 2 is biotinylated at the N-terminus, and
peak 3 is biotinylated both at the N-terminus and at lysine
29.

d{free}
dt

) -ka{free} [sol] + kd{bound} (1)

d{bound}
dt

) ka{free} [sol] - kd{bound} (2)

d{free}
dt

) -ka1{free}[sol] + kd1{bound1} (3)

d{bound1}
dt

) ka1{free}[sol] - kd1{bound1} +

kd2{bound2} - ka2{bound1} (4)

d{bound2}
dt

) ka2{bound1} - kd2{bound2} (5)

Z1 ) [n (R1 - 1) - 2n1n2]/[2n1n2(2n1n2 - n)/(n - 1)]1/2
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Analysis of the Interaction of the EGFR-ED with the Three
Biotinylated DeriVatiVes of TGF-R in the Absence and
Presence of StreptaVidin by an125I-EGF Competition Assay.
Our strategy for the immobilization of the TGF-R molecule
on the BIAcore CM5 sensor chip surface involves the
interaction of biotinylated TGF-R with immobilized strept-
avidin. To test whether the presence of the biotin on the
TGF-R molecule affects its ability to bind in solution to the
EGFR-ED, we assayed the ability of TGF-R and the different
biotinylated derivatives to compete for the binding of125I-
EGF to the purified EGFR-ED. Figure 1 shows that the three
biotinylated derivatives are able to compete for125I-EGF
binding to the EGFR-ED with the same IC50 (50 nM) as the
unmodified TGF-R, demonstrating that the presence of biotin
at the N-terminus or on the lysine at position 29 did not
interfere with the binding in solution to the EGFR-ED.

To mimic the surface of the sensor chip where the
biotinylated derivatives of TGF-R will be bound to strept-
avidin, we tested if prebinding of streptavidin to the
biotinylated TGF-R derivatives would affect their binding
to the EGFR-ED in solution. Figure 2 shows that unbio-
tinylated TGF-R as well as the N-terminally biotinylated
TGF-R derivative was able to compete for125I-EGF binding
to the EGFR-ED even in the presence of excess streptavidin.
In contrast, the ability of the two TGF-R derivatives
biotinylated at lysine 29 to compete for125I-EGF binding to
the EGFR-ED was inhibited by streptavidin in a dose-
dependent manner, with a complete loss of competition at
100 nM streptavidin. Streptavidin alone had no effect on the
binding of125I-EGF to the EGFR-ED (data not shown). These
experiments indicate clearly that the derivatives which are
biotinylated on lysine 29 are sterically hindered by the
presence of a streptavidin molecule at this position and can
no longer bind to the EGFR-ED molecule in solution.

Surface Plasmon Resonance Analysis of the Interaction
of the EGFR-ED with the Three Biotinylated DeriVatiVes of
TGF-R. Figure 3 shows the sensorgrams resulting from the
interaction of the EGFR-ED with the three biotinylated
derivatives of TGF-R that were captured on streptavidin
surfaces. The EGFR-ED interacted only with the derivative
that was monobiotinylated at the N-terminus (Figure 3C) and
failed to interact with the derivative that was monobiotiny-

lated at lysine 29 (Figure 3A) and the derivative that was
dibiotinylated at the N-terminus and lysine 29 (Figure 3B).
The inability of the EGFR-ED to interact with the two
derivatives of TGF-R that are biotinylated at lysine 29 when
captured on the streptavidin sensor chip is consistent with
the steric effect of streptavidin that was observed in the125I-
EGF competition assay (Figure 2). The interaction of the
EGFR-ED with the N-terminally monobiotinylated TGF-R
derivative was blocked by preincubating the EGFR-ED either
with an excess of TGF-R or with anti-receptor antibodies
that are known to block the binding of TGF-R (data not
shown). A control streptavidin surface was used to rule out
nonspecific binding of EGFR-ED and also to show that the
bulk refractive index change due to the EGFR-ED solution
was low (Figure 3D).

Analysis of the Interaction of EGFR-ED with the N-
Terminally Biotinylated TGF-R by the Linearization Method
and the Integrated Rate Equation Method.We further
analyzed the kinetics of the interaction between the EGFR-
ED and the TGF-R derivative that was monobiotinylated at
the N-terminus. Figure 4A represents a set of typical
sensorgrams, after blank subtraction, in which different
concentrations of the purified EGFR-ED were flowed over
the TGF-R surface. To determine whether the data fit a
simple bimolecular or Langmuir interaction (A+ B yields
AB), the results were analyzed by linearizing the data as
previously described (5). From the wash-on phase, the
apparentka can be calculated by first plotting dR/dt against
R for each EGFR-ED concentration (Figure 4B). The slope
of each line (ks) is then plotted against the EGFR-ED
concentration (Figure 4C) and the slope of this line yields
an apparentka. Although it is obvious that the plot of dR/dt
againstR is not linear, even when only 10 s of data was
used (94.5-104.5 s, 4 s after the start of the injection), an
average apparentka can be estimated as (8.6( 5.2) × 104

M-1 s-1. This is the mean( the standard deviation of 34
experiments, which included different preparations of EGFR-
ED and biotinylated TGF-R and different surface loading.
The apparentkd was calculated from the wash-off phase by
using a plot of ln (R1/Rn) against time (Figure 4D). Although

FIGURE 1: Competition of125I-EGF binding to the EGFR-ED by
biotinylated derivatives of TGF-R. In a microtiter plate assay, 3
nM purified EGFR-ED was incubated with 15 nM125I-EGF in the
presence of varying concentrations of unmodified TGF-R (]),
TGF-R biotinylated at the N-terminus (4), TGF-R biotinylated at
lysine 29 (0) or TGF-R biotinylated at both the N-terminus and
lysine 29 (O). The results are expressed as percent of binding in
the absence of competitor.

FIGURE 2: Effect of streptavidin on the competition of125I-EGF
binding to the EGFR-ED by biotinylated derivatives of TGF-R.
Unmodified TGF-R or the biotinylated derivatives of TGF-R (150
nM) were preincubated with increasing concentrations of strept-
avidin (ranging from 6 to 1500 nM). The mixtures were then
incubated with 3 nM purified EGFR-ED and 15 nM125I-EGF.
Competition curves are presented for unmodified TGF-R (]),
TGF-R biotinylated at the N-terminus (4),TGF-R biotinylated at
lysine 29 (0) or TGF-R biotinylated at both the N-terminus and
lysine 29 (O).
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once again this treatment of the data failed to give a straight
line, an apparentkd was estimated to be 0.06( 0.02 s-1

when the data from the first 5 s following the end of the
injection was used. The data were also analyzed by Scatchard

FIGURE 3: SPR analysis of the interactions of EGFR-ED with the three biotinylated derivatives of TGF-R. The biotinylated derivatives of
TGF-R were repeatedly injected over independent streptavidin surfaces until 200-300 resonance units (RU) of biotinylated TGF-R was
captured. Purified EGFR-ED dialyzed against PBS and diluted in HBS to the desired concentration was injected over the different surfaces:
(A) TGF-R biotinylated at lysine 29; (B) TGF-R biotinylated at both lysine 29 and at the N-terminus; (C) TGF-R biotinylated at the
N-terminus; (D) streptavidin alone.

FIGURE 4: Linear analysis of the interaction of the purified EGFR-ED with immobilized TGF-R biotinylated at the N-terminus. Purified
EGFR-ED varying in concentration from 88 to 1000 nM was injected over the TGF-R surface. An aliquot (25µL) of each EGFR-ED
concentration was injected at a flow rate of 5µL/min. (A) Overlay plot of the interaction between 88 and 1000 nM EGFR-ED and 810 RU
of TGF-R captured on the surface. Calculation of theka was as follows: (B) Linear transformation of the association phase was obtained
by plotting dR/dt against the response for a 10 s period beginning at 4 s after the start of the injection. (C) The slope (ks) of each line was
then plotted against EGFR-ED concentration. The slope of this line gives the apparentka. Calculation of thekd was as follows: (D) The
data from the dissociation phase are linearized by plotting ln(R1/Rn) against time. The slope of this line then gives the apparentkd.
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analysis (Figure 5) and an apparentKDeq of 1040( 331 nM
was estimated. This is similar to theKDeq calculated from
the rate constants derived from the linearization of the wash-
on and wash-off phases (kd/ka), which equals 698 nM.

The data were also analyzed by the integrated rate equation
method using the BIAevaluation 2.1 software. This method
allows the analysis of both homogeneous and heterogeneous
kinetics. Homogeneous binding kinetics describe a homo-
geneous single-site interaction between two molecules A and
B (A + B yields AB). In contrast, heterogeneous binding
kinetics describe parallel interaction kinetics in which the
observed response is the sum of the responses for binding
of analyte (defined as the species in solution) to independent
ligand sites (defined as the species coupled to the surface)

(A + B1 + B2 yields AB1 + AB2). The experimental data
were analyzed with both homogeneous and heterogeneous
binding kinetic models. For the analysis of both the wash-
off and the wash-on phases, we found that the experimental
data were better represented by the heterogeneous model
(Figure 6B,D) than by the homogeneous model (Figure
6A,C). The apparent association and dissociation rate
constants that were extrapolated for the heterogeneous model
are listed in Table 1. Both apparent association constants
(ka1 andka2) increase with decreasing concentration of EGFR-
ED, which indicates, however, that this model is not valid.

Deviations from a simple model may be explained either
by a more complex biological interaction or by nonoptimized
experimental conditions. The latter can result in physical
effects such as (1) heterogeneity of the coupled ligand, (2)
rebinding of dissociating analyte molecules rather than their
removal by the flow, (3) mass transport limitations that occur
when the transportation kinetics through the unstirred layer
over the surface are slow compared to the binding kinetics,
and (4) parking problems, which refers to masking of
potential ligand binding sites by previously formed com-
plexes (8). Heterogeneity of the coupled ligand can be
eliminated by using an oriented ligand surface, while
rebinding effects and mass transport limitations can be
minimized by increasing the flow rate. Finally, parking
problems can be eliminated or at least reduced by decreasing
the quantity of ligand coupled to the matrix.

Optimization of Experimental Conditions for Kinetic
Analysis.Before evaluating more complex kinetic models,
we optimized the experimental design by testing for and

FIGURE 5: Scatchard analysis.Req (resonance units at the plateau)
for each EGFR-ED concentration (as in Figure 4A) was corrected
for the bulk refractive index contribution by use of the steptavidin
control surface. The slope of the Scatchard plot (Req/concentration
againstReq) gives the apparentKAeq.

FIGURE 6: Nonlinear least-squares analysis by the integrated rate equation method (BIAevaluation 2.1). EGFR-ED (351 nM) was injected
over a surface with 59 RU of immobilized TGF-R. Curve fits and residuals obtained from the analysis of the sensorgram with the following
models: (A) homogeneous dissociation, (B) heterogeneous dissociation, (C) homogeneous association and (D) heterogeneous association.
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eliminating or minimizing the unwanted phenomena listed
above. Heterogeneity of the ligand may arise during the
immobilization step if more than one coupling site is present
on the ligand molecule. To avoid this, only the HPLC-
purified N-terminally monobiotinylated TGF-R derivative
was used for kinetic studies. The use of a low-loaded surface
(less than 60 RU of bound material) and an increase in the
flow rate from 5 to 50µL/min did not improve the data
analysis (data not shown), as would have been the case if
mass transport limitations were present during either the
wash-on or the wash-off phases. In addition, injection of EGF
in solution during the wash-off phase did not change the
dissociation rate of the interaction (data not shown), which
excludes a rebinding effect since the presence of excess EGF
during the dissociation phase would have competed rebinding
of EGFR-ED and would have affected the dissociation part
of the sensorgram. Finally, the issue of a parking problem
was addressed. Parking may be observed especially when a
high molecular weight analyte interacts with a low molecular
weight immobilized ligand and also becomes more prevalant
when the quantity of ligand immobilized to the surface is
high because of steric problems arising from the closer
proximity of the molecules. A study was carried out with
11 different surfaces in which varying concentrations of
N-terminally biotinylated TGF-R were immobilized to
surfaces with different amounts of streptavidin in order to
vary the ratio of streptavidin to TGF-R. Surface activity was
measured by Scatchard analysis. Figure 7 summarizes the
percentage of surface TGF-R that is active, plotted against
the total amount of streptavidin and TGF-R that were
coupled. Given that the streptavidin molecule has four
binding sites for biotin, when the TGF-R to streptavidin ratio
is greater than 1:1, the possibility of having more than one
molecule of TGF-R bound to the same streptavidin molecule
increases. Taking into account the size of the EGFR-ED
molecule, such a situation may provoke steric hindrance and
consequently parking problems as emphasized by O’Shannessy
and Winzor (8). Indeed, a decrease of surface activity was
observed when the molar ratio of biotinylated TGF-R to
streptavidin increased. To minimize this effect, we used
surfaces where the ratio of ligand/streptavidin was the lowest
possible (e.g., much lower than 1:1) while still being able
to detect a response as shown in Figure 8.

Global Analysis by SPReVolution. Data analysis by the
linearization and integrated rate equation methods clearly
showed that the data generated for the interaction between
immobilized TGF-R and EGFR-ED do not follow a simple
bimolecular interaction model even when experimental
conditions have been optimized. To test more complex
models, the data were further analyzed by a software program
developed in our laboratory, SPReVolution, that uses numer-
ical integration techniques to perform global analysis of
BIAcore-generated sensorgram sets.

With the numerical integration SPReVolution software
program, the data were prepared as follows: Blank sensor-
grams, generated by injecting EGFR-ED solution over a
mock surface where streptavidin but not TGF-R was immo-
bilized, were subtracted from the corresponding data sensor-
grams by exactly aligning the beginning of the wash-on and
wash-off phases. The curves resulting from these subtractions
were then reduced to 500 points evenly selected from the
wash-on and wash-off phases. For each different surface,
the curves were then globally fitted by the different models
illustrated in Figure 9. Model A represents a situation where
mass transport limitation in solution is coupled to a simple
Langmuirian interaction. Model B assumes that two different
populations of biotinylated TGF-R are present in the matrix.
Model C includes a conformational change or transformation
of the receptor-ligand complex after binding, which has been
observed in solution (9). Models D and E both depict
dimerization models: the first one assumes the ability of
one receptor molecule to bind to a preformed ligand-
receptor complex (1:2 stoichiometry), whereas the second
is characterized by the ability of the receptor-ligand complex
to form dimers (2:2 stoichiometry). Indeed, it has been shown

Table 1: Kinetic and Equilibrium Constants Obtained from the Analysis of the TGF-R/EGFR-ED Interaction for a Heterogeneous Model by
BIAevaluation 2.1 (Integrated Rate Equation Method)

[EGFR-ED]
(nM)

ka1 (M-1 s-1)
× 10-3

kd1 (s-1)
× 102

ka2 (M-1 s-1)
× 10-3

kd2 (s-1)
× 103

KD1

(µM)
KD2

(µM)

1185 100( 1.6 6.5( 0.1 8.67( 0.28 3.59( 0.12 0.650 0.415
527 185( 4.3 7.0( 0.2 14.8( 0.51 4.12( 0.15 0.378 0.277
351 287( 9.6 6.7( 0.2 27.2( 0.80 3.57( 0.15 0.233 0.132

FIGURE 7: Effect of immobilized streptavidin and biotinylated
TGF-R concentrations on the percent of active TGF-R on the
surface. For each surface, the amount of streptavidin on the surface
was determined from the baseline change that occurred during the
coupling step. Similarly, the amount of total immobilized TGF-R
was determined from the RU baseline change that occurred when
the N-terminally biotinylated TGF-R was injected over the strept-
avidin surface. The amount of active TGF-R on the surface was
then determined by injecting concentrations of EGFR-ED ranging
from 234 to 1185 nM and by subsequent Scatchard analysis. The
results are expressed as the percent of TGF-R on the surface that
is active versus the concentrations of immobilized streptavidin and
TGF-R.

9472 Biochemistry, Vol. 39, No. 31, 2000 De Crescenzo et al.



for EGFR-ED that dimerization can occur in solution (10,
11) and that it can occur in the dextran matrix of the BIAcore
(18). Model F depicts the case where the ligand has two
sites interacting with the receptor as occurs for the growth
hormone receptor (12). For every model tested, the program
was allowed not only to vary the kinetic parameters but also
to vary the active quantity of TGF-R, which can be correlated
to thek (activity) parameter introduced by Karlsson and Fa¨lt
(19). Additionally, for each sensorgram in the data set, two
more local parameters were added to eliminate, or at least
reduce, the offset artifacts introduced because of the subtrac-
tion step in the wash-on and wash-off phases. The data that
we analyzed were generated with five concentrations of
EGFR-ED (ranging from 234 to 1185 nM) over a surface
where 59 RU of biotinylated TGF-R was coupled (Figure
8). Integration results are shown as residuals (difference
between the experimental and calculated data points) in
Figure 10 and the related kinetic constants are listed in Table
2. One can evaluate the relative goodness of the fit for
different kinetic models applied to the same data set by taking
into consideration the trends in the residuals. If a kinetic
model adequately depicts the biomolecular interactions, one
expects that the difference between the calculated and the
experimental points will be minimal and that the residuals
will be normally distributed around a zero value. That is, a
significantly large amplitude of the residuals, long series of
positive or negative points, or long series of ascending or
descending points will be absent from the residual plot. Thus,
the standard deviation value and theZ1 andZ2 statistics are
appropriate to quantitatively discriminate between the dif-
ferent proposed models: the lower these three values, the
better the goodness of the fit.

The use of numerical integration data analysis to fit a
model that includes a mass transport limitation coupled to a

simple bimolecular interaction lead to a poor quality fit
(Figure 10 and Table 2). This supports our previous
conclusion that mass transport artifacts were absent from this
series of experiments.The residuals (Figure 10) and their
associated standard deviation,Z1, andZ2 values (Table 2)
indicate that models C and B appear to best fit the
experimental curves. However, model B (two ligand popula-
tions in the matrix) is not valid because of the overparam-
etrization that was evident in its associated correlation matrix
coefficients (data not shown). This conclusion is corroborated
by the previous data analysis done with the integrated rate
equation method (BIAevaluation 2.1). Additionally, it would
have been suprising if this model was valid since care was
taken to generate an oriented-ligand surface by a streptavidin/
biotin approach.

The conformational change model that was found to best
depict the TGF-R/EGFR-ED interaction is the simplest type
of conformational change model (Figure 9) that can be
proposed. Two more complex conformational change models
were tested. The first one includes the addition of a step
corresponding to the direct and irreversible dissociation of
the rearranged complex to unbound ligand and analyte [RL
(rearranged)w R + L]. The second model is the same as
the first, except that the added step is reversible [RL
(rearranged)S R + L]. In both cases, the goodness of the
fit was not increased beyond that of the simpler conforma-

FIGURE 8: Optimized data set for the interaction between EGFR-
ED and TGF-R. Different concentrations of EGFR-ED ranging from
234 nM to 1185 nM were injected over a surface with 59 RU of
immobilized biotinylated TGF-R. An aliquot (25µL) of each EGFR-
ED solution was injected at a flow rate of 5µL/min. After blank
subtraction, each curve was reduced to 500 points, evenly selected,
as described in the text.

FIGURE 9: Schematic representation of kinetic models. Model A
represents a mass transport limitation situation, and model B depicts
heterogeneity of the coupled ligand. All the other models (C-F)
represent more complex biological interaction mechanisms and have
been chosen according to the references given beside the schematic
representation. For details, see text.
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tional change model, and both models were overparametrized
as judged by the correlation matrixes. This indicates that the
addition of these steps does not result in a better depiction
of the TGF-R/EGFR-ED interaction (data not shown).

Using the kinetic parameters that were determined by
global analysis for the conformational change model (see
Table 2), one can calculate an apparent thermodynamicKdeq,
defined as [ka1/kd1(1 + ka2/kd2)]-1, to be equal to 1489 nM.

Using these parameters and the quantity of active TGF-R
coupled to the surface, one can also simulate the quantities
of the rearranged and unrearranged receptor/ligand complexes
over time. By looking at Figure 11, which simulates the time
dependence of complex formation when a 600 nM receptor
solution is injected over a 59 RU TGF-R surface, it can be
seen that the unrearranged receptor/ligand complex is
predominant at the early stage of the wash-on phase.
Similarly, the unrearranged complex contributes predomi-
nantly to the signal in the early part of the wash-off phase.
Hence the apparentKdeq constant estimated by Scatchard
analysis using the plateau values, approximately 1000 nM

Table 2: Global Analysis of the Biotinylated TGF-R/EGFR-ED Interaction Testing Different Kinetic Models with SPReVolution Software
(Numerical Integration Method)a

models tested

A B C D E F

ka1 (M-1 s-1) 6.1× 104 8.1× 104 6.0× 104 7.5× 104 8.4× 104 1.2× 105

95% confidence 2.6× 103 3.5× 103 2.0× 103 3.5× 103 3.2× 103 6.7× 103

kd1 (s-1) 5.9× 10-2 1.1× 10-1 1.2× 10-1 6.7× 10-2 8.1× 10-2 1.3× 10-1

95% confidence 2.6× 10-2 2.8× 10-3 3.6× 10-3 1.8× 10-3 2.1× 10-3 4.6× 10-3

ka2 (M-1 s-1) n/a 9.6× 103 4.2× 10-3b 8.8× 10-1 5.9× 10-2 4.0× 103

95% confidence n/a 4.9× 102 2.3× 10-4 4.6× 10-2 3.1× 10-3 3.2× 102

kd2 (s-1) n/a 7.7× 10-3 1.2× 10-2 3.7× 10-3 5.2× 10-3 1.5× 10-2

95% confidence n/a 4.1× 10-4 5.4× 10-4 3.3× 10-4 3.7× 10-4 5.5× 10-4

kt (s-1) 1.3 n/a n/a n/a n/a n/a
95% confidence 0.5 n/a n/a n/a n/a n/a
ratio [fast]/[slow] n/a 3.8 n/a n/a n/a n/a
95% confidence n/a 0.2 n/a n/a n/a n/a
surface activity (RU) 18.5 36.3 44.7 24.1 25.6 24.7
95% confidence 1.01 1.0 1.1 0.7 0.56 0.8
standard deviation (RU) 8.7 3.1 3.1 4.9 4.1 3.8
+ and- test (Z1) 41.0 24.8 20.5 37.5 32.9 30.0
Run up and down test (Z2) 3.7 1.9 1.1 2.6 2.1 2.1
a Data were generated by injecting several concentrations of EGFR-ED (234-1185 nM) over a surface where 59 RU of biotinylated TGF-R was

coupled.b The unit for this association rate constant is s-1.

FIGURE 10: Residuals obtained by global analysis of the EGFR-
ED/biotinylated TGF-R interaction data. Residuals are the difference
between the experimental and the calculated data points. The results
indicate that models B and C best fit the data. For further
explanation, see text.

FIGURE 11: Simulation of the time-dependent variation of the
receptor/ligand complexes. The simulation was done with the same
Runge-Kutta algorithm as in SPReVolution and the parameters
related to the conformational change model as listed in Table 2.
The concentration of injected EGFR-ED was set as 600 nM and
the TGF-R quantity as 59 RU. The sum of the populations of
unrearranged receptor (denoted AB) and of rearranged one (AB*)
corresponds to the signal that would have been recorded (denoted
AB + AB*) by performing such an injection and assuming a
conformational change kinetic interaction.
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(Figure 5), or by using the early parts of the wash-on and
wash-off phases with the linearization method, approximately
700 nM (Figure 4), are close to the value determined by the
numerical integration technique, even though they did not
take into account the kinetic mechanism that best depicts
the biological interaction.

DISCUSSION

To study the interaction between TGF-R and EGFR-ED
with the BIAcore, the ligand molecule (TGF-R) was im-
mobilized on the sensor chip and EGFR-ED, as the analyte,
was injected over the sensor chip surface. Our immobilization
strategy was chosen in order to have a ligand surface as
homogeneous as possible. TGF-R was biotinylated and the
three different biotinylated derivatives were separated by
reverse-phase HPLC before being captured separately on
different streptavidin surfaces. Solution binding assays and
preliminary experiments with the BIAcore proved that,
among all the streptavidin-bound biotinylated derivatives of
TGF-R, only the derivative monobiotinylated at the N-
terminus was able to interact with EGFR-ED (Figures 1-3).
NMR studies of the structure of TGF-R in the presence or
absence of EGFR-ED support the concept that the N-terminus
is not directly involved in receptor binding. Specifically, Hoyt
et al. (20) demonstrated by analyzing1H NMR relaxation
rates of methyl resonances that the N-terminus of TGF-R
remains flexible when bound to EGFR-ED. Additionally, the
1H NMR transferred NOE experiments conducted by McInnes
et al. (21) confirmed that the N-terminus of TGF-R retains
flexibility when bound to EGFR-ED. This hypothesis was
reinforced by the latest work of McInness et al. (22), which
demonstrated, through deletional analysis, that the N-
terminus does not contribute directly to binding, although it
is significant in terms of stabilizing the native fold of TGF-
R.

In addition to eliminating direct involvement of the
N-terminus of TGF-R in receptor binding, these NMR studies
showed the importance of residues in the A and C loop of
TGF-R as being part of the major binding interface with the
receptor. It is then not unexpected that the presence of
streptavidin bound to lysine 29 masks many of the residues
of TGF-R that are involved in binding.

Our preliminary kinetic analysis revealed that, as observed
for many systems studied with BIAcore technology, the
EGFR-ED/TGF-R interaction failed to be represented as a
simple bimolecular interaction. This was clearly demon-
strated in our attempt to analyze the experimental data by
linearization methods (Figure 4) or curve-fitting with a single
rate equation by the BIAevaluation 2.1 software package
(Figure 6A,C). Nevertheless, we estimated apparent rate
constants for the initial fast association and dissociation steps
by linearization. The thermodynamic constant that was
calculated from the estimated rate constants (Kdeq) 698 nM)
was in keeping with the equilibrium constant determined by
Scatchard analysis using the plateau values (Kdeq ) 1040
nM). Additionally, the apparent thermodynamicKdeqthat was
calculated by global analysis for the conformational change
model is equal to 1489 nM. These threeKdeq values are
comparable to the one determined for the EGF and EGFR-
ED interaction when EGF was directly immobilized by an
amine coupling method (23) and are in good agreement with

the microcalorimetric estimations and SAXS experiments
done by Lemmon et al. (11). In contrast, the apparentKd

determined by the125I-EGF competition assay was ap-
proximately 50 nM (Figure 1). This difference likely results
from the use of the antibody to immobilize EGFR-ED in
the microtiter plates. It is known that bivalent antibodies can
capture EGFR as a dimer, and it has also been shown that
this type of ligand-binding assay only detects binding to
higher affinity dimeric EGFR and not monomeric EGFR
(24). A better mimic of the plate assay in the BIAcore would
be the noncovalent capture of EGFR-ED on a covalently
immobilized monoclonal antibody followed by TGF-R
injections. Such an experiment has the disadvantage that
TGF-R has a much lower molecular weight than EGFR-ED,
thus rendering its detection as the analyte difficult.

Deviations from pseudo-first-order kinetics may be ex-
plained by phenomena inherent to the design of the BIAcore
technology or the experiment itself. These artifacts include
heterogeneity of the immobilized ligand, mass transport
limitation, rebinding effects, and parking problems (25). On
the other hand, it is also possible that a more complex kinetic
model is required to explain the biological interaction
between TGF-R and EGFR-ED.

After optimizing the experimental design and still observ-
ing a deviation from the simple model, we tested more
complex biological models using numerical integration to
globally fit data obtained under optimized conditions. The
rationale for choosing the interaction models was based on
literature hypotheses. Among all the models tested, the one
describing a conformational change in the receptor-ligand
complex after binding gave us the best fit (Figure 10, Table
2). The choice of this model was based on the circular
dichroism analysis of Greenfield et al. (9), which indicates
that a conformational change occurs upon EGFR-ED/TGF-R
binding. Neither these circular dichroism studies nor our SPR
experiments are able to distinguish which one of the
interacting species undergoes a conformational change.
However,1H NMR transferred NOE experiments (21) and
HSQC NMR experiments (McInnes et al., submitted for
publication) showed that no major structural rearrangement
of TGF-R occurs upon complexation with EGFR-ED. This
indicates that the conformational change is more likely to
be within the receptor extracellular domain.

On the basis of microcalorimetry titration and SAXS
experiments, Lemmon et al. (11) proposed that the kinetic
mechanism of binding for EGF and EGFR-ED involves the
dimerization of two preformed EGF/EGFR-ED complexes.
They were unable to distinguish whether this dimerization
results from a conformation-driven exposure of a dimeriza-
tion site on the receptor or is achieved due to ligand bivalency
(a bridging ligand molecule). Our results support the con-
formational change model. The reason we did not detect
dimerization of the EGFR-ED/TGF-R complex after the
conformational change step could be because the rate
constants for this step are rapid and not limiting and therefore
are undetectable by the SPR biosensor technology.

Studies by Sherrill and Kyte (26, 27) also question the
validity of the bivalent bridging ligand model since an excess
of EGF ligand does not inhibit the activation of the EGF
receptor even at high concentrations. Moreover, Tanner (28)
showed that after the removal of EGF from a dimeric
complex of full-length EGF receptor, the dimer, which is
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still enzymatically active, dissociates over a period of hours,
thus excluding the requirement of a bivalent ligand for
receptor dimer stabilization.

The concept that a change in conformation of a receptor/
ligand complex is required for receptor dimerization and
subsequent activation is just emerging as a prevalent theme.
Indeed, very recently, it was shown for the erythropoietin
receptor/ligand system through crystallographic evidence and
an in vivo protein interaction assay (29, 30) that the activation
of the complex requires a change in its conformation after
ligand binding. Our results, combined with those of others,
strongly suggest that, like the erythropoietin receptor, ligand
binding to the EGF receptor is followed by a change in the
conformation of the receptor, which then promotes its
activation.
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