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ABSTRACT: In ligand binding studies, ligand depletion often limits the accuracy of the results obtained.
This problem is approached by employing the simple observation that as the concentration of receptor in
the assay is reduced, ligand depletion is also reduced. Measuring apparentKD’s of a ligand at multiple
concentrations of receptor with extrapolation to infinitely low receptor concentration takes ligand depletion
into account and, depending on the binding model employed, yields aKD within the defined limits of
accuracy. We apply this analysis to the binding of epidermal growth factor (EGF) to the EGF receptor
expressed in intact 32D cells, using a homogeneous fluorescein-labeled preparation of EGF and measuring
binding by flow cytometry. Binding isotherms were carried out at varying cell densities with each isotherm
fit to the generally applied model with two independent binding sites. Examination of the variation in the
KD’s versus cell density yields a high-affinity site that accounts for 18% of the sites and a lower affinity
site that accounts for the remainder. However, further examination of these data suggests that while
consistent with each individual isotherm, the simple model of twoindependentbinding sites that is generally
applied to EGF binding to the EGF receptor is inconsistent with the changes in the apparentKD’s seen
across varying cell densities.

The epidermal growth factor receptor (1) is a member of
the ErbB family (2), that includes ErbB2/HER2 (3), ErbB3
(4, 5), and ErbB4 (6), and is the prototypical member of the
superfamily of transmembrane receptor tyrosine kinases.
There are multiple ligands for the ErbB family of receptors
(2), including EGF (7-9), TGFR (10), betacellulin (11),
amphiregulin (12), epiregulin (13), HB-EGF (14), and the
neuregulins 1-4 (15-20). ErbB receptor function has been
proposed to rely on the formation of multiple combinations
of homo- and heterodimers (21). In the cell, the extent of
dimerization and the composition of dimers most likely
depend on the receptors that are expressed, their level of
expression, and the ligands that are present. A better
understanding of the ligand binding events for the individual
receptors and receptor combinations should yield insights
on the function of homo- and heterodimeric receptors in
signal transduction.

There have been a variety of studies that have examined
ligand binding to the ErbB receptors. The most extensively
studied is the binding of EGF to the EGF receptor. In most
cases, examination of EGF binding to the EGF receptor has
suggested that two classes of receptors exist, a high- and a
low-affinity class, respectively (22-25). One hypothesis is
that the low-affinity class represents ligand binding to a
monomer, whereas the high-affinity class represents pre-

formed dimers (26). Within the framework of this hypothesis,
one open question is whether the high-affinity class repre-
sents a heterodimer or a homodimer of the EGF receptor,
since the cell lines that have been used in most binding
studies express other members of the ErbB family, specif-
ically ErbB2, which has been shown to be the preferred
heterodimerization partner of the other three receptors (27).
The hypothesis that heterodimerization of the EGF receptor
with ErbB2 creates a high-affinity ligand binding site is
supported by data indicating that ErbB3 alone binds neu-
regulin with low affinity, but in the presence of ErbB2 there
is both low- and high-affinity binding of ligand (28, 29).

The use of a fluorescent ligand and flow cytometry to
measure ligand binding was pioneered by Bohn (30). This
method of measuring ligand binding, further advanced by
Sklar et al. (31), was first applied to studies of EGF binding
to the EGF receptor by Chatelier et al. (32). There are several
advantages to carrying out a ligand binding assay using flow
cytometry. Radioactivity is not required, and it is possible
to obtain a homogeneously labeled ligand. There is no need
to remove free (unbound) ligand, eliminating the requirement
for separation techniques, such as filter binding, gel filtration,
or centrifugation, that introduce error and often perturb the
binding equilibrium prior to measuring the amount of bound
ligand. Lack of a washing or filtering step simplifies the
assay; binding is performed in the tubes used in the flow
cytometer, thus significantly reducing the time required to
perform the assay, even though the equivalent amount of
time is required for equilibrium binding conditions. One
potential drawback is that the cells need to be in suspension,
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requiring that adherent cells be detached prior to the assay.
Like other fluorescence-based methods, a ligand that is
intrinsically fluorescent or has a fluorescent moiety attached
to it is required. Once a fluorescent ligand is obtained, the
affinity of a panel of nonfluorescent potential ligands can,
in principle, be measured by competition binding experi-
ments.1 While our study is aimed at measuring ligand binding
via flow cytometry, the data analysis is applicable to any
ligand binding assay, without regard to the method of
detection of bound ligand.

To exploit the advantages of using flow cytometry to
measure ligand binding to receptors in intact cells, a
straightforward analytical approach for the determination of
KD’s that takes into account ligand depletion was developed.
Further, by exploring the interdependence of cell density,
the number of receptors per cell, and the apparentKD’s, a
method for testing the adequacy of the generally applied two-
independent-site model of EGF binding to the EGF receptor
was devised. Our analysis indicates that while individual
EGF-EGF receptor binding isotherms can be fit with high
statistical accuracy to a model with twoindependentbinding
sites, this model does not accurately describe the behavior
of the EGF-EGF receptor interactions.

THEORY

The derivations in this section assume either ligand
depletion or no ligand depletion, and the subsequent analyses
investigate the effect of fitting data affected by ligand
depletion with equations that assume no ligand depletion.
These analyses form the basis for the subsequent discussion
on measuring ligand affinity using flow cytometry. The aim
of this section is to describe the binding interaction to either
a single receptor population or two independent receptor
populations in the absence of any nonspecific binding and
without measurement of free ligand in the assay. Discussion
of the applicability of competition binding assays for both a
one- and two-site model utilizing similar methods is in the
Supporting Information.

One-Site Ligand Binding.The binding interaction between
a ligand and a single receptor site at equilibrium is described
by the following:

whereKD is the dissociation constant,RF is the concentration
of free receptor,LF is the concentration of free ligand, and
RL is the concentration of ligand bound to the receptor. The
equations for conservation of mass are

where RT and LT denote the total receptor and ligand
concentration, respectively. Substituting the equations for
conservation of mass into the equation describing ligand

affinity and algebraic manipulation yields

The concentration of ligand bound to receptor,RL, is then
simply the solution of this quadratic equation with the
negative root:

Under most conditions, this equation is the most accurate
description of equilibrium binding of a ligand to a receptor.
Historically, however, eq 1 has rarely been used to analyze
equilibrium binding curves. In most studies,LF has not been
replaced in the derivation, yielding the equation:

This method relies on the accuracy with which the concen-
tration of free ligand is known; however, the concentration
of free ligand is not frequently measured; rather it is assumed
that LF ) LT, based on the routine assumption that the
concentration of receptor-bound ligand,RL, is negligible
compared to the amount of ligand added,LT. When the
assumptionLF ) LT is made, it is assumed that there is no
ligand depletion, and

whereKD,app, is not the true dissociation constant,KD, but
an apparent dissociation constant. Even under experimental
conditions in which the concentration of receptor is less than
10% of the dissociation constant,RT e KD/10, the dissocia-
tion constant obtained is still an approximation, but it will
be within 10% of the trueKD. This equation is useful in that
the concentration of ligand-receptor complex is proportional
to the total concentration of receptor present, with the
proportionality determined byKD,app and the concentration
of ligand added,LT; however, binding experiments rarely
approach ideal conditions and are often performed without
consideration of these inherent assumptions.

Two-Site Ligand Binding.Many ligand binding studies
have suggested the presence of multiple classes of ligand
binding sites. The presence of multiple classes of binding
sites is often revealed by the nonlinear plots of data
transformed and plotted by the method of Scatchard (bound
vs bound/free) (33). Several authors have discussed appropri-
ate methods and potential difficulties in obtaining binding
parameters from these nonlinear plots (34-37). There are
several modes of ligand binding that could lead to nonlinear
Scatchard plots. One of the simpler models consists of two
noninteracting receptor classes, described by

where R and S denote two independent receptor classes:1 See Supporting Information.
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either two different receptors that both bind the ligand, or
the same receptor that binds the ligand with two different
and independent affinities. While these are considered
independent binding sites in relation to their ligand binding
properties, the fraction bound for each class is not indepen-
dent, but will depend on the amount of each receptor class
present and on the amount of ligand added. This can be seen
by accounting for mass balance:

One can solve for RL and SL:

and substitute into the equation forLT to obtain an equation
for LF. This equation is a cubic equation like the one obtained
for the one-site competition case (see Supporting Informa-
tion) and can be solved similarly (38) to yield:

Equation 3a can then be used to solve forRLandSLto obtain
the concentration of receptor-bound ligand. The above
derivation makes no assumptions about the extent of ligand
depletion. Assuming that there is no ligand depletion,LT )
LF, the total bound reduces to

This equation is simply the sum of independent binding sites
(cf. eq 2), and the amount bound to each subclass is
independent of the presence of the other class of receptor.
These two derivations can be used to examine the effect of
ligand depletion on the determination of the dissociation
constants for ligand binding to two independent classes of
receptors.

METHODS

Simulations and Fitting.To ascertain the effects of fitting
experimental data assuming that there is no ligand depletion,
data were simulated with the equations in which ligand
depletion is taken into account and then fit with equations
in which it is assumed that there is no ligand depletion.
Theoretical data were generated using eqs 1 and 3 in the
spreadsheet Quatro Pro (Corel). These data were then
imported into Prism (GraphPad Software) and fit using built-
in functions corresponding to eqs 2 and 4.

Materials.Restriction enzymes and T4 DNA ligase were
from New England Biolabs. pCDNA3.1(-) was from In-
vitrogen. Sequanase Kit 2.0 was from U.S. Biochemical, and
Sequitherm EXCEL II sequencing kit was from Epicenter
Technologies. G418 sulfate was from Mediatech. Protein
A-Sepharose CL-4B, enhanced chemiluminescence (ECL)
reagents, and horseradish peroxidase (HRP)-conjugated
donkey anti-rabbit IgG were from Amersham Pharmacia
Biotech. Fetal bovine serum (FBS) was from Gibco BRL.
Ab 528 and Ab 1005, both directed against the EGF receptor,
were from Santa Cruz Biotechnology. Glycerol was from
Fisher. Sodium dodecyl sulfate (SDS) was from Serva.
Nitrocellulose membranes were from Schleicher & Schuell.
Fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse IgG2a was from Southern Biotechnology Associates.
Paraformaldehyde was from Electron Microscopy Sciences.
All other reagents were ACS reagent grade or better.

Construction of H22Y-mEGF.A plasmid, pIN-II-ompA3-
H22Y-mEGF, encoding H22Y-mEGF was constructed using
the approach previously described for Y3K,H22Y-mEGF
(39), except that only a single synthetic oligonucleotide, 5N-
GGTGTTTGCTATGTACATCGAATCT-3N, was employed.

Expression and Purification of H22Y-mEGF.Following
transformation ofE. coli HB101 with the pIN-III-ompA3-
H22Y-EGF plasmid, the expression and purification of
H22Y-mEGF were carried out largely as previously de-
scribed for Y3K,H22Y-mEGF (39). Briefly, bacteria were
grown to mid-log phase, induced by addition of isopropyl
â-D-thiogalactopyranoside (IPTG) to 200µM, harvested by
centrifugation, and osmotically shocked to release periplas-
mic proteins, including H22Y-mEGF. The osmotic shock
fluid was lyophilized and dissolved in water. H22Y-mEGF
was purified from other periplasmic proteins by reversed-
phase HPLC (RP-HPLC) using a 10× 100 mm Poros R2/H
column with 0.1% triethylamine/acetate (pH 6.0) in 95:5
water/acetonitrile (buffer A) and 0.1% triethylamine/acetate
(pH 6.0) in 50:50 water/acetonitrile (buffer B) as mobile
phases. The solvent delivery system consisted of a Waters
600E system, and the absorbance was monitored at 280 nm
with a Waters 486 tunable absorbance detector. For each
HPLC run, the column was equilibrated with 100% buffer
A, and proteins were eluted using a 2 min linear gradient of
0-100% buffer B at a flow rate of 12 mL/min. The peak
containing H22Y-mEGF was hand-collected and lyophilized.
The lyophylized protein was redissolved in water and further
purified using a 4.6× 220 mm Brownlee Aquapore RP-300
C-8 column with 0.1% trifluoroacetic acid (TFA) in water
(buffer C) and 0.1% TFA in 20:80 water/acetonitrile (buffer
D) as mobile phases. The solvent delivery system consisted
of two Waters 510 pumps, and the absorbance was monitored
at 220 and 280 nm with a Waters 490E detector, with the
system controlled from a Maxima 820 workstation. For each
HPLC run, the column was equilibrated with 95:5 buffer
C/buffer D, and the products were eluted with a 70 min linear
gradient of 5-50% buffer D at a flow rate of 1 mL/min.
The H22Y-mEGF peak was hand-collected and lyophilized.
The lyophilized protein was dissolved in water and quantified
by its absorbance at 280 nm [ε280 ) 18 700 cm-1 M-1 (40)].

Preparation and Purification of Fluorescein Isothiocyanate
Labeled H22Y-mEGF (F-EGF).Labeling of H22Y-mEGF
with fluorescein isothiocyanate was carried out as previously
described for wt-mEGF (41). The homogeneity of the HPLC-
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purified peak was verified in an analytical run using the same
gradient. The stoichiometry of the labeled species was
verified to be 1:1 by matrix-assisted laser desorption ioniza-
tion time-of-flight mas spectroscopy (MALDI-TOF MS). The
lyophilized F-EGF was dissolved in 5 mM Tris, pH 7.4, and
the concentration was quantified from the absorbance using
ε280 ) 36 000 cm-1 M-1. This extinction coefficient was used
to correct for the contribution of fluorescein to the absorbance
at 280 nm (41).

Construction of EGF Receptor Expression Plasmid.The
pXER construct (gift of G. N. Gill, University of California
at San Diego) was digested withXbaI andHindIII to generate
a full-length EGFR cDNA fragment. This fragment was
ligated into the multiple cloning site of the mammalian
expression vector pCDNA3.1(-) using T4 DNA ligase to
generate the pCER construct. Correct insertion of EGF
receptor cDNA was confirmed by dideoxynucleotide se-
quencing using the SequiTherm EXCEL II sequencing kit
according to the manufacturer’s instructions.

Cell Culture.The IL-3-dependent cell line 32D (obtained
from G. Carpenter, Vanderbilt University) was maintained
in RPMI-1640 containing 15% FBS and 5% WEH1-3B
conditioned medium (as a source of IL-3). Cells were grown
at 37°C in an atmosphere of 5% CO2/95% air.

Transfection.32D cells (1× 107) were transfected by
electroporation using 10µg of circular pCER DNA. Elec-
troporation was carried out using a BioRad GenePulser II
electroporator set at 950µF and 300 V. Cells were allowed
to recover in RPMI-1640/15% FBS/5% WEH1-3B condi-
tioned medium for 18 h prior to selection by the addition of
750µg/mL G418. Clonal cell lines were established by serial
dilution in 24-well microtiter plates to a final titer of<1
cell/well. One clone, designated WT3, was selected for these
studies.

Cell Lysis.Saturated cultures of 32D cells (1× 106 cells/
mL) were harvested by centrifugation at 2500g for 4 min
and washed twice in Ca2+,Mg2+-free phosphate-buffered
saline (CMF-PBS: 137.0 mM NaCl, 8.0 mM Na2HPO4, 2.7
mM KCl, 1.5 mM KH2PO4). Cells (1× 107) were lysed by
resuspension in 1.0 mL of TGH lysis buffer [150 mM Hepes,
pH 7.5, 1% Triton X-100, 10% glycerol, 1 mM ethylene
glycol bis(â-aminoethyl ether)-N,N,N′,N′-tetraacetic acid
(EGTA), 1 mM Na3VO4, 0.1 mM phenylmethylsulfonyl
fluoride (PMSF), 10 µg/mL aprotinin, and 10µg/mL
leupeptin] at 4°C for 20 min with rocking. Lysates were
cleared by centrifugation at 16000g for 10 min at 4°C and
stored at-70 °C until use.

Immunoprecipitation and Immunoblotting.Protein A-
Sepharose CL-4B was incubated overnight at 4°C with TGH
buffer containing the EGF receptor antibody 528, directed
toward the extracytoplasmic domain of the receptor (2µg
of Ab/30 µL of hydrated beads). The resin was washed 3
times with cold TGH buffer, added to cell lysates (1 mg of
total protein/30µL of beads), and incubated with rocking
overnight at 4°C. Immunoprecipitates were washed 3 times
with TGH, and bound proteins were eluted from the resin
by treatment with 1× Laemmli sample buffer (62.5 mM Tris‚
HCl, pH 6.8, 2% SDS, 10% glycerol, 50 mM dithiothreitol,
and 0.001% bromophenol blue) and heating for 5 min at 95
°C. Eluted proteins were separated by SDS/polyacrylamide
gel electrophoresis [6% gel, (42)] prior to transfer to
nitrocellulose membranes. EGF receptor was detected by

incubating membranes with the EGF receptor antibody 1005
(1:3000 dilution), followed by secondary incubation with
HRP-conjugated donkey anti-rabbit IgG (1:1000 dilution).
Proteins were visualized by ECL using Kodak X-Omat AR
film.

Determination of EGF Receptor Expression in Intact Cells.
32D cells were harvested by centrifugation at 2500g for 4
min and washed twice in stain buffer (CMF-PBS containing
5% heat-inactivated FBS). Cells were resuspended at 5×
106 cells/mL in stain buffer containing 10µg/mL Ab 528
and incubated for 20 min at 4°C. Following incubation, cells
were harvested and washed once with stain buffer prior to
resuspension at 5× 106 cells/mL in stain buffer containing
12.5 mg/mL FITC-conjugated goat anti-mouse IgG2a. After
incubation for 20 min at 4°C in the dark, cells were
harvested and washed once with stain buffer prior to
resuspension at 1× 106 cells/mL in stain buffer containing
1% paraformaldehyde. Flow cytometry was performed using
a Becton-Dickson FACScan model flow cytometer with
CellQuest software.

Ligand Binding Experiments.F-EGF was serially diluted
to obtain 2× stocks of the final concentrations used (0.001-
10 nM). WT3 cells were harvested by centrifugation and
resuspended in CMF-PBS+ 0.1% BSA at the appropriate
2× cell densities, such that the final binding assay densities
ranged from 2.0× 105 to 1.3 × 106 cells/mL. An equal
volume (200µL) of cell suspension was added to flow
cytometry tubes that contained F-EGF (200µL). The
densities of cells in the assay tube were measured using a
Coulter cell counter (model Z1). The tubes were incubated
on ice for 2 h with rocking, and the fluorescence was
measured in the flow cytometer as described above. Non-
specific binding was measured using a 50-fold excess of
unlabeled EGF and was subtracted from total binding to
obtain specific binding. The binding constants and estimated
standard deviations for these parameters were obtained by
fitting the binding isotherms using the built-in one- and two-
site binding models in Prism.

RESULTS

While the derivations under Theory are basic, they are
vital for understanding the issues involved in carrying out
any ligand binding experiment. Thus, the issues raised below,
though directed toward measuring ligand binding using flow
cytometry, are applicable to analyzing binding isotherms
obtained by other methods. For a typical flow cytometry
experiment, cells are harvested and incubated with the
fluorescent ligand until steady-state binding is reached. These
incubations can be carried out in the tubes that are appropriate
for a particular flow cytometer and optimized for variables
such as binding medium, temperature, agitation, and time.
The flow cytometer detects fluorescence per event, generally
set up to be the passage of a single cell across the optical
window of the instrument, with the data output as a histogram
of the number of events of a measured fluorescence value
(fluorescence per cell) (Figure 1A). This histogram is then
averaged to obtain a mean fluorescence that is a measure of
the amount of ligand bound per cell. The mean fluorescence
values for each added ligand concentration plotted versus
the added ligand concentration yields a binding curve (Figure
1B).
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One-Site Binding.Previous reports using a fluorescent
ligand and flow cytometry noted that the curves obtained
using this method were dependent on the cell density used
in the experiment (31, 32), implying that the assumptionLF

) LT is not valid and therefore the binding isotherms are
more accurately described by eq 1 than by eq 2. To fit the
data to eq 1, bound ligand must be expressed as a concentra-
tion rather than in arbitrary fluorescence units. Standards have
been used to convert arbitrary mean fluorescence units into
units of concentration (43, 44); however, the results obtained
can depend on the standard used for the calibration (43; data
not shown) and can vary by 3-fold or more. Moreover, the
KD obtained from the normalized data will depend on the
calculated number of receptors per cell, and thus the
measuredKD could significantly deviate from the true
dissociation constant, depending on any inaccuracy in
measuring the number of receptors per cell. We describe here
a general method for carrying out ligand binding experiments,
utilizing flow cytometry to obtainKD’s, that requires no
conversion of fluorescent units to concentrations, no data
normalization, and minimal data manipulation.

Typically, binding experiments utilizing cells are carried
out by incubating cells with increasing concentrations of
ligand. Depending on the number of receptors per cell and
the number of cells, use of eq 2 could yield aKD,app that is
not a good approximation of the trueKD. If the average
receptor concentration, i.e., the number of cells per unit
volume times the number of receptors per cell, is controlled,
that concentration can be set to less than 10% of the expected
KD value. Under these conditions,LT ) LF is a reasonable
assumption, and application of eq 2 would yield aKD,appthat
would be a good approximation ofKD (data not shown).
However, if the number of receptors per cell is not known,
then the extent of ligand depletion could be significant, and
use of eq 2 under such conditions would lead to aKD,app

that could be a poor approximation of the trueKD. This raises
the question of how to carry out the experiment without
knowing a priori the number of receptors per cell.

As noted above, binding isotherms are dependent on cell
density. As a consequence of this dependence on cell density,
two approaches can be employed to measureKD. One method
would be to generate a family of binding isotherms with
decreasing cell densities. As the cell density is decreased,

there is less ligand depletion, and theKD,appbecomes a better
approximation of the trueKD. As ligand depletion becomes
negligible, the changes inKD,app would be on the order of
the error in the experiment (10%). At this point, the condition
thatRT e KD/10 would have been met, and repetition of the
experiment using the lowest cell density would yield a
reasonably accurate value forKD,app.

Similarly, a second method takes into account that the
KD,app obtained using eq 2 becomes a better approximation
for the trueKD at lower receptor concentrations. In a flow
cytometry experiment, it is straightforward to measure
binding isotherms for three to four different cell densities,
e.g., between 2.5× 105 and 1.0× 106 cells/mL, and the
KD,app for each curve can be determined. The intrinsicKD

value and an estimate of the number of receptors per cell
can then be subsequently obtained by plotting theKD,app

values versus the cell densities (Figure 2). They-intercept
from this plot is equivalent to the intrinsicKD, and the slope
is a measure of the number of receptors per cell. In Figure
2, data were simulated for four cell densities using two
differentKD’s and varying the number of receptors per cell.
In the left-hand panels (Figure 2A,C), the number of
receptors per cell was varied from 10 000 to 100 000 for
two different KD values, 0.25 nM (Figure 2A) and 1 nM
(Figure 2C). For all of these data, they-intercepts are
equivalent to theKD’s used to generate the data, and the
slopes of the curves increase with the number of receptors
per cell. As the number of receptors per cell is further
increased (Figure 2B,D), the slope also continues to increase;
however, they-intercepts no longer correspond to theKD’s
used to generate the data, and they-intercepts become
overestimates of binding affinity. This is caused by ligand
depletion that occurs under conditions of high receptor
numbers and high affinity with the consequence that the data
are no longer fit by a straight line. The trueKD can be
obtained by fitting the data to a second-order equation (ax2

+ bx + c) where they-intercept,c, is equivalent to the true
KD, though in most experimental cases the noise in the four
data points would preclude effective application of a second-
order equation.

One question that arises from this analysis is how to
determine if there is significant ligand depletion and, as a
result, whether they-intercept from aKD,app vs cell density

FIGURE 1: Flow cytometry data and ligand binding. (A) Plot of the histograms from flow cytometry for cells at 9.7× 105 cells/mL equilibrated
with several concentrations of fluorescein-labeled EGF (F-EGF). (B) Binding isotherm of duplicates of F-EGF to EGF receptor expressed
in the 32D hematopoietic cell line. The solid line is a fit of the data to eq 2 withKD,app ) 0.34 nM.
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plot yields an erroneous measure of theKD for ligand binding.
To answer this question, theKD,appobtained at 250 000 cells/
mL (K1) is compared to theKD,appobtained at 1 000 000 cells/
mL (K2). If K2 is twice or more as large asK1 (e.g., Figure
2B, 1 000 000 receptors per cell), they-intercept from the
linear fit is no longer an accurate measure of the trueKD

and will deviate from the trueKD by greater than 10% (falling
outside the dashed line). AKD of 0.25 nM can be determined
within 10% error for a single class of receptors when receptor
expression levels are as high as 500 000 receptors per cell,
a value well within most physiological cases. As theKD

increases, the number of receptors per cell that can be
tolerated, while ensuring that they-intercept will remain
within 10% error, will also increase; e.g., when theKD is 1
nM, the number of receptors per cell can be as high as
1 000 000. Conversely, as theKD decreases (higher affinity),
then the number of receptors per cell that can be tolerated
will decrease. In cases where high receptor expression leads
to K2 g 2 × K1, reducing the cell concentrations while
maintaining the same ligand concentrations should restore
the linear relationship betweenKD,appand cell concentration,
yielding a y-intercept within 10% error of the trueKD.
Examination of Figure 2 also indicates that whenK2 ≈ K1

as a consequence of low affinity and/or very few receptors
per cell, a condition reflected by little slope in theKD,app

versus cell density plot, there is very little ligand depletion
and all values ofKD,app should be within 10% of the true
KD.

While it is apparent that the slope of theKD,appversus cell
concentration plot is sensitive to the number of receptors
per cell, there is no straightforward way to parametrize the
slope in terms of receptor number. Numerous simulations
varying theKD and the number of receptors per cell were
carried out, and the slopes from the linear regressions of plots
of KD,app versus cell density plots were calculated. These
slopes were then plotted against theKD values used in
generating the data (Figure 3). The family of curves obtained
for the slope as a function ofKD at different numbers of
receptors per cell can then be used to estimate the number
of receptors per cell in ligand binding experiments involving
a single class of receptors. As discussed above, analysis of
the binding isotherms at the various cell densities yields
KD,app’s that are then plotted versus cell density. After fitting
these data to a straight line, the slope and intercept are used
in conjunction with Figure 3 to estimate the number of
receptors per cell. First, a horizontal line is drawn from the
y-axis, corresponding to the value of the slope, and a vertical
line is drawn from thex-axis, corresponding to the value of
the intercept,KD. By comparing the intersection of these two
lines relative to the lines based on different values of
receptors per cell, the number of receptors per cell in the
experiment can be approximated.

A second method of determining the number of receptors
per cell is to use eq 1 to simulate four binding isotherms
(250 000-1 000 000 cells/ mL) using theKD determined
from theKD,appversus cell density plot and a chosen number

FIGURE 2: Theoretical plots ofKD,app versus cell density. Hypothetical data were generated using eq 1 and fit using eq 2. Panels A and B
are forKD ) 0.25 nM; panels C and D are forKD ) 1 nM. The various plots reflect different levels of receptor expression and correspond
to 10 000 (9), 20 000 (2), 30 000 (1), 50 000 ([), 75 000 (b), and 100 000 (0) receptors per cell in panels A and C and 100 000 (0),
200 000 (4), 300 000 (3), 500 000 (]), 750 000 (O), and 1 000 000 (×) receptors per cell in panels B and D. The dashed lines correspond
to (10% of the value of theKD. They-intercept is equivalent to theKD, and the slope is proportional to the number of receptors per cell.
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of receptors per cell. TheKD,app values from these four
isotherms are obtained using eq 2. TheseKD,app values are
then plotted versus cell density and compared to the
experimental data. This method is then repeated with iterative
changes of the number of receptors per cell until there is
convergence of the simulated data with the experimental data.

These two methods do not obtain the receptor number
directly from the asymptote of the binding isotherm as in an
assay using a radio-labeled ligand. Generation of the data
used to obtain the slopes plotted in Figure 3 was carried out
at a wide range of effective receptor concentrations relative
to binding affinity. Subsequent tests on the use of this figure
to obtain the number of receptors per cell yielded accurate
estimates (within 10%) of the number of receptors per cell.
Use of the second method yielded slightly better estimates,
though the small increase in the accuracy was not necessarily
offset by the additional time that is required. The accuracy
of these methods is achieved by explicitly taking into account
the effects of ligand depletion. As a result, the estimate of
the number of receptors per cell is accurate regardless of
ligand affinity or the effective receptor concentration.

Two-Site Binding.The approach of measuring binding at
multiple cell densities can be extended to the case of two
independent receptor classes. We simulated data with several
different high- and low-affinity classes, varying the ratios
of the two receptor classes while maintaining the same total
number of binding sites. Simulated data were generated with
eq 3 using varying cell densities and were fit with eq 2 to
examine the effect that fitting two-site data with a one-site
model has on the apparentKD (Figure 4A). It is apparent
that increasing the affinity of the high-affinity site (fromKD1

) 0.05 toKD1 ) 0.025), while maintaining the number of

total binding sites and proportion of each site, results in an
increase in the apparent affinity of the ligand for the receptor,
evidenced by comparison of they-intercepts from the left
and right panels of Figure 4A. TheKD,app’s appear to be fairly
linear with cell concentration, similar to the one-site case.
However, the intercept of any one plot does not correspond
to any identifiable combination of the two affinities used to
generate the data, and use of the slope with Figure 3 will
greatly overestimate the number of receptors per cell.

The simulated data were also fit with eq 4 to obtain the
two KD,app’s and the fractions of the two receptor populations
(RT and ST) (Figure 4B). This method yielded fractional
receptor populations within 10% error and, for the low-
affinity site, aKD within 10% of the value used to generate
the data. On the other hand, only one of the fits yielded a
y-intercept for the high-affinityKD that was within 10% of
the value used to generate the data, though all six fits fell
within 25% error. The larger degree of error for the high-
affinity site results from significant ligand depletion. While
the use of multiple cell densities yields high-affinityKD’s
that are less accurate than desired, this method is generally
more accurate than using a single cell density where the
obtainedKD can deviate from the intrinsic value by sever-
alfold (Figure 4). More accurate determination of the high-
affinity KD could, in principle, be achieved by analysis of
the data with eq 3, which explicitly takes into account ligand
depletion, but this requires knowledge of the conversion of
mean fluorescence to concentration of ligand bound to
receptor. Even in cases in which the correspondence between
concentration and fluorescence of the ligandin solution is
known, the correspondence between mean fluorescence and
the concentration ofboundligand is, in general, difficult to
determine accurately, and any errors in this determination
will lead to errors in theKD determination.

EGF Receptor Expression.The 32D cell line does not
express any of the four members of the ErbB receptor family
(45). Previous use of this cell line to express ErbB receptors
has utilized a retroviral promoter (45-48). In the current
study, the EGF receptor was expressed using pCDNA3.1,
which had been previously used in this cell line to express
an EGF receptor/JAK kinase chimera (49). After selection,
clones were established by dilution to obtain single cells.
Clonality was assayed by flow cytometry (data not shown),
and monoclonal lines were selected for further study.
Expression of the EGF receptor was also verified by
immunoblot analysis (data not shown). One monoclonal line,
designated WT3, was then used for the subsequent analysis
of ligand binding to the EGF receptor.

F-EGF Binding.The simulations described above were
used in devising an experimental protocol for measuring the
affinity of F-EGF for the EGF receptor. Twenty point binding
isotherms were carried out on varying cell densities of WT3.
Specifically bound F-EGF was obtained by subtracting
nonspecific F-EGF, which includes F-EGF nonspecifically
interacting with the cell and free F-EGF that is in the annulus
around the cell that is considered bound to the cell by the
flow cytometer, from total F-EGF bound. This nonspecific
binding varied from less than 1% of the total bound at the
lowest F-EGF concentration to less than 10% at the highest
F-EGF concentration. There was little difference in binding
constants obtained using the corrected or uncorrected data,
indicative of the small nonspecific binding that occurs in

FIGURE 3: Plots to determine the number of receptors per cell.
Shown are curves of the slope from linear regressions ofKD,app
versus cell density for variousKD’s at various receptor expression
levels. To determine the number of receptors per cell from a binding
experiment, lines are drawn corresponding to the slope and theKD
obtained from theKD,app versus cell density plot. The point of
intersection of these two lines is a measure of the number of
receptors per cell. In the figure is an example showing that aKD of
1 nM and a slope of 16× 10-8 nM/(cells/mL) would correspond
to ∼125 000 receptors per cell (dashed lines).
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this experiment. All data analysis was carried out on
corrected data, an example of such is shown in Figure 5.
The linear plot of the data and the associated fits to either
the one- or the two-site model do not visually indicate which

fit is most appropriate (Figure 5A). In contrast, the log plot
of the data clearly shows that the data are better fit by the
two-site model (Figure 5B). This is supported by statistical
evaluation of the one- and two-site model fits and by a

FIGURE 4: Fits of simulated data to two receptor classes. (A) Data simulated assuming a two-site model (eq 3) and fit using a one-site
model (eq 2). (B) The same two-site data fit using a two-site model (eq 4). H corresponds to the high-affinity site, and L corresponds to
the low-affinity site. The fractional receptor population is the fraction of the total binding sites that each population contributes. Examples
in the left-hand column are for simulated data generated withKD1 ) 0.05 nM andKD2 ) 0.5 nM, and the right-hand column are for data
generated withKD1 ) 0.025 nM andKD2 ) 0.5 nM. The total receptor concentration is 0.1 nM with the fraction of high-affinity receptor
class equal to 10% (9), 20% (2), and 30% (1) with 1 × 105 receptors per cell. The(10% error limits for theKD’s are indicated by the
dotted lines, while(25% errors are indicated by the dashed lines. Unlike the one-receptor-site fits, slopes of the cell density dependence
of the apparentKD’s are not always positive.
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nonlinear Scatchard plot (data not shown), though as will
be discussed below Scatchard plots are not an ideal method
to analyze these data. F-EGF binding to WT3 cells was
repeated at 10 additional cell densities. A plot of theKD,app

versus cell density for a one-site fit is shown in Figure 6A.
As discussed above, the data are relatively linear with regard
to cell density; however, given the apparent multiple receptor
populations present for EGF receptor expressed in 32D cells,
the derivedKD would not reflect the actual ligand binding
that is occurring. Plots of the twoKD,app’s and the fraction
of each site indicate that they-intercept for the high-affinity
site is∼20 pM and they-intercept for the low-affinity site
is near 0.4 nM, with the high-affinity site comprising∼20%
of the receptor population (Figure 6A-C). These values are
comparable to, though slightly higher in affinity than,
previously determined values, measured by125I-EGF binding,
for the EGF receptor expressed in 32D cells (48).

DISCUSSION

Many authors have examined various aspects of both direct
ligand binding and competition binding assays. Many of these
ligand binding studies have focused on the use of radio-
labeled ligands and the issues associated with the use of these
ligands; however, efforts to minimize the use of radioactivity
have led to an increase in the use of fluorescently labeled
ligands. Changes in the rotational properties (polarization/
anisotropy) of fluorescent ligands upon binding to receptor
have been exploited in ligand binding assays, and instruments

designed to measure these changes are now commercially
available. Alternatively, optical properties such as changes
in fluorescence upon binding have also been used to measure
both steady-state and kinetic parameters of ligand binding.
In addition, pioneering work by Bohn (30) and Sklar (31)
indicated the utility of flow cytometry in measuring ligand
binding properties to intact cells, a method first exploited
by Chatelier et al. (32) for the EGF receptor system. We
have also exploited the advantages of flow cytometry to
develop a straightforward method for measuring theKD of a
ligand binding to a receptor. This approach utilizes multiple
cell densities, and, while we apply this aproach to an assay
using flow cytometry, the method is applicable to any ligand
binding method.

Prior analyses of ligand binding data utilizing flow
cytometry employed multiple cell densities to obtain binding
affinity and number of receptors per cell (31, 32). In the
first analysis (31), multiple cell densities were used, and
binding isotherms were obtained for each. The lowest cell
density was fit to a one-site model to obtain theKD,app, and
then each isotherm was normalized to the maximal amount
of binding from this fit, given in mean fluorescence units.
For several selected ligand concentrations, the fractional
amounts bound from these normalized isotherms were
calculated and subsequently plotted versus cell concentration
for each ligand concentration. An equation was derived for
a one-site model that relates the cell concentration to the
fractional amount bound, with a variable being the number
of receptors per cell. This equation, in conjunction with the
transformed, selected data plotted versus cell concentration,
was used to estimate the number of receptors per cell. The
limitations to this method are the need to normalize the data
to the maximum amount bound, which might be in error
depending on the extent of ligand depletion, and the
restriction of this method to a one-site model.

In the second analysis, an isoparametric method was
utilized to determine the binding affinities and number of
receptors per cell (32). Similar to the first method, several
binding isotherms using different cell densities were obtained.
Then, several arbitrary mean fluorescence unit values were
chosen. For each different binding isotherm, the ligand
concentrations corresponding to these selected mean fluo-
rescence values were determined. These values of ligand
concentration were then plotted versus cell concentration.
For each selected mean fluorescence value, they-intercept
corresponds to the free ligand concentration (LA), and the
slope corresponds to moles of ligand bound per mole of cells
(r). The slope and intercepts from the multiple plots were
then used to construct a Scatchard plot (r/LA versusr). The
Scatchard plot was then used to determine if there were
multiple binding populations and their affinities. This method
requires multiple transformations of the data to determine
from a Scatchard plot the binding affinity and the number
of receptors per cell. Compared to the two methods described
above, the method described in this paper, while yielding
comparable results, is more straightforward, requiring no
normalization of data and minimal manipulation of subse-
quent results.

That theKD,app becomes a better approximation for the
intrinsic KD at lower cell densities arises from the simple
fact that at lower cell densities there is less ligand depletion
and parameters obtained from the use of eq 2 become better

FIGURE 5: F-EGF binding isotherm. (A) Linear plot of mean
fluorescence for one curve of F-EGF binding to EGF receptor in
WT3 cells at 9.6× 105 cells/mL and fits to one-site (solid line)
and two-site (dashed line) models. The one-site fit yields aKD,app
of 0.51 nM. The two-site fit to these data yieldsKD,app’s of 0.008
and 0.66 nM with 6.8% of the total binding sites corresponding to
the high-affinity site. (B) log plot of the same data as in (A). From
the plot in (B), it is visually apparent that the two-site model is a
better fit to the data than the one-site fit. An F-test of the two models
yields ap-value of<0.0001, indicating that the two site-model is
the better fit. The highestp-value for the remaining binding
isotherms was 0.0003.
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estimates of the true values. That different cell densities or
protein concentrations can alter the reportedKD values has
been previously discussed. One study (50) derived a linear
equation in which they-intercept from a plot ofKD,appversus
receptor concentration yielded the trueKD value. This
derivation requires knowledge of the number of receptors
per cell prior to obtaining the trueKD, whereas plotting the
KD,appvalues versus cell density, as in our analysis, removes
this requirement, and, in fact, can lead to the determination
of the number of receptors per cell. In addition, the linear
relationship betweenKD,appand receptor concentration is only
valid if there is no ligand depletion. In a broad examination
of ligand binding to dopamine receptors (51), the vast
differences in affinities seen by different laboratories could
be ascribed to the differences in the protein concentration
of the membrane preparations used to measure binding.
Though they did not attempt a mathematical fit, the data
appeared to be linear at lower protein concentrations and
had upward curvature as the protein concentration increased.
These results are in agreement with our analysis indicating
that the true relationship between cell density andKD,app is
described by a second-order equation. That the derivedKD

values were dependent on the protein concentration of the
membrane preparations is in agreement with the basic
concept that at lower cell densities/receptor concentrations

less ligand depletion occurs and theKD,app thus becomes a
better approximation of the intrinsicKD.

General Ligand Binding.While the simulations described
under Results and the conclusions drawn from them were
based on errorless data, introducing experimental error into
the simulated data does not decrease the applicability of the
method. Introducing 15% variability into the simulated data
suggests that the experiment measuringKD,appat four different
cell densities should be repeated at least 3 times to yield an
accurateKD value from they-intercept. While this may seem
to be a large number of individual points to yield a single
KD value, the relative simplicity of the assay makes the
collection of the necessary data practical. Given the few steps
involved in preforming the flow cytometry assay, error is
primarily associated with the measurement of the cell
densities and with pipetting. Due to the low error of each
point, singlets can be utilized, compared to classical binding
assays that employ duplicates or triplicates for each point to
reduce error. A high enough number of ligand concentrations
used to generate a single binding isotherm is required to
minimize the effect of any one point on the fit; however,
the choice of the number of ligand concentrations is no
different in this case than in the case of an assay utilizing
radioactivity. As a result, more ligand concentrations may
be included in each individual assay without making the

FIGURE 6: Plots of one-site and two-site models for F-EGF binding to EGF receptor. Shown are the parameters and estimated standard
deviation from the one- and two-site model fits to the binding isotherms. Points that appear without error bars are due to the error being
smaller than the symbol, and in panel B the error bars are only indicated in one direction. Regression was carried out on these data versus
cell density with (dashed line) and without (solid line) weighting using the estimated standard deviations. (A) Plot of theKD,app for a
one-site fit versus cell density. They-intercepts are equal to 0.16( 0.04 nM (solid) and 0.17( 0.03 nM (dashed). (B) Plot of theKD,app
for the high-affinity site yieldsy-intercepts equal to 0.017( 0.010 nM (solid) and 0.011( 0.003 nM (dashed). (C) Plot of theKD,app for
the low-affinity site yieldsy-intercepts equal to 0.43( 0.10 nM (solid) and 0.38( 0.05 nM (dashed). (D) Plot of the fractions of the two
affinities of F-EGF binding to the EGF receptor. The percentages of high-affinity sites are 18( 4% (solid) and 16( 3% (dashed). The
errors for they-intercepts are the standard errors from the regression analyses.
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experiment cumbersome. Based on these considerations,
measuring binding over a range of cell densities, multiple
times, to yield an accurateKD and an estimate of the number
of receptors per cell is justified.

For cell lines expressing two receptor populations, exten-
sion of the method of using multiple cell densities allows
for the determination of theKD’s of the two binding affinities.
Although the simulations indicate that the error associated
with the high-affinity site may be higher than 10% (typically
within 25%), the value obtained for the affinity of the high-
affinity site is likely to be more accurate than would be
obtained by using a single cell density (Figure 4). One
important consideration in obtaining the multiple affinities
and fractions is the ability of the fitting routine to assign the
data to two unique populations. For example, the fitting
routine in Prism is unable to obtain fits indicative of two
sites at higher cell densities in which the fraction of the high-
affinity site approaches zero (Figure 4). Two-site fits could
be obtained by altering the starting parameters for the high-
and low-affinity sites so that the starting values were lower
than the simulated values. At even higher cell densities and/
or higher number of receptors per cell than those used in
Figure 4, the fitting routine was unable to obtain a unique
two-site fit, with the fit appearing to be only one-site,
regardless of the starting guesses. This is due to the larger
extent of ligand depletion under these conditions.

One general method that has been used to indicate the
presence of multiple receptor populations is the transforma-
tion and plot of Scatchard (33). A nonlinear Scatchard plot
of binding data is indicative of ligand binding to more than
one class of binding sites, including multiple binding sites
on a single receptor, multiple receptor populations, or
cooperative ligand binding. There are several considerations
in using Scatchard plots to indicate the presence of multiple
binding sites and to obtain their binding affinities and
receptor populations. One consideration is the use ofLF or
LT in calculation of bound/free used in the Scatchard plot.
EmployingLF, i.e., determiningLF for each data point, will
yield accurate binding affinities regardless of the extent of
ligand depletion. However, use ofLT as an estimate forLF

in cases in which there is ligand depletion will lead to
erroneous values for the binding affinities and receptor
populations. A second consideration is the range and density
of ligand concentrations used in the binding experiment. It
is possible to obtain a curvilinear Scatchard plot but to have
one of the populations defined by only two or three data
points. While sufficient to describe a line, the parameters
obtained from so few points are likely to yield inaccurate
parameters. Moreover, despite yielding a curvilinear Scat-
chard plot, there may be no statistical justification to fitting
thenontransformeddata to a two-site model compared to a
one-site model. Although two independent receptor popula-
tions may actually be present, if the nontransformed data
alone do not support two populations, parameters obtained
from the transformed data for two sites are likely to be
inaccurate.

F-EGF Binding to EGF Receptor.Previous experiments
have measured binding of EGF to the EGF receptor in a
multitude of cell lines that express the EGF receptor both
naturally or through transfection. EGF binding to EGF
receptor often has yielded curvilinear Scatchard plots that
are generally fit using a model consisting of two independent

receptor populations, termed high- and low-affinity receptors.
Of the previous reports of125I-EGF binding to EGF receptors
expressed in 32D cells (48, 52-54), only one carried out a
direct binding experiment (48), estimating 6000 (4%) high-
affinity sites with aKD of 0.09 nM and 140 000 low-affinity
sites with aKD of 2.1 nM.

Inherent in the two-site model is the assumption that the
two receptor populations are independent of each other.
When viewed in light of the physiology of the system, this
would not appear to be the case for the EGF receptor, since
addition of EGF to the receptors results in a measurable
increase in receptor dimerization/aggregation, where dimers/
aggregates of the receptor are often hypothesized to have a
higher binding affinity than monomeric receptor. It has
previously been noted that the two-independent-site model
and receptor aggregation are inconsistent with typical
concave-up Scatchard plots obtained for EGF binding to the
EGF receptor (55). Even though there appears to be an
inconsistency between the two-independent-site model and
EGF receptor properties, the binding of F-EGF to the EGF
receptor was fit using this model, because of its prevalence.

In this examination of EGF binding to the EGF receptor,
the two-independent-site model yielded affinities (0.017 and
0.43 nM) and their respective populations (18% and 82%)
from the intercepts of the cell density plots (Figure 6). The
one remaining variable in the fits for this model is the number
of receptors per cell. To obtain the number of receptors per
cell, theoretical binding isotherms at various numbers of
receptors per cell must be carried out. The two receptor
populations (RT andST) are determined from the fraction of
each population, the number of receptors per cell, and the
cell density. These values,RT andST, are then used with the
two KD’s to obtain RF using eq 3a. The amount of free
receptor,RF, is then used in eq 3 to obtain the amount bound
for each population of receptor,RL andSL, which are then
combined to generate the total amount bound. This is done
for four cell densities (250 000-1 000 000 cells/mL) for each
chosen value of the number of receptors per cell. The four
theoretical binding isotherms are then fit using eq 4, and
the resultant fraction of each population is plotted versus
cell density and compared to the experimental population
fraction data. This was carried out for multiple values of
the number of receptors per cell, and it was found that
125 000 receptors per cell yielded an adequate comparison
of the simulated data to the experimental data (Figure 7A).
This value is similar to the range (5.0× 104 to 1.0× 105)
obtained from multiple single-point125I-EGF binding assays
(data not shown). After obtaining an adequate correspon-
dence between the simulated data and experimental data for
the fraction plots, the plots of theKD,app for the simulated
data for 125 000 receptors per cell were compared to the
experimental data. Whereas the fraction plots were in
agreement, the affinity plots for the simulated data are not
in agreement with the experimental data (Figure 7B,C). One
can obtain curves that agree with the affinity plots, but the
data from these simulations no longer agree with the
experimental data for the fraction plots. While each indi-
vidual binding curve can be fit by the two-independent-site
model, the changes in the parameters versus cell density are
not consistent with this model.This argues against the
Validity of the two-independent-site model for describing the
EGF-EGF receptor system.
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The experimental evidence presented here, that the two-
independent-site model is not an accurate description of the
binding of EGF to the EGF receptor, is consistent with
experimental observations that the EGF receptor undergoes
measurable changes in its states of oligomerization, phos-
phorylation, association with various downstream signaling
molecules, etc., upon ligand binding, none of which are taken
into account in this model. In a previous examination of

ligand binding (55), a model was proposed that explicitly
included receptor monomer-dimer interconversion:

This model allows for binding of ligand to both monomers
(R) and dimers (RR). In deriving the equations, it was
assumed that there was no ligand depletion, and to obtain
adequate fits of this model to the data, some equilibrium
constants were fixed (55), suggesting that this model has
too many individual binding steps to allow for determination
of the binding constants from a simple equilibrium binding
experiment. Another possible model, which is a subset of
the above model:

only allows binding of ligand to a dimer (RR). These two
models have been used to fit the experimental data presented
here, assuming no ligand depletion, and the models yield
equivalent fits to the data (data not shown), suggesting that
neither model is better than the other. This is interesting,
considering the one model assumes ligand binding to
monomers and dimers, while the other assumes ligand
binding to dimers only. Perhaps neither model accurately
describes binding of EGF to the EGF receptor, because
neither model accounts for phosphorylation, potential recep-
tor conformational changes, or additional protein-protein
interactions that might affect ligand binding.

Any multistep binding model will contain a number of
equilibrium constants that will not easily be determined from
a single equilibrium binding experiment. It is more likely
that multiple experiments will be needed to isolate the various
steps. The combination of these experiments should lead to
a more complete picture of EGF binding to the EGF receptor.
While the focus of this discussion is on EGF binding to the
EGF receptor, these issues also apply to the whole ErbB
family, and to any receptor system that exhibits multiple
binding states.
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