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ABSTRACT: Receptor-ligand binding analyses have generally used soluble components to measure
thermodynamic binding constants. In their biological context, adhesion receptors bind to an immobile
ligand and the binding reaction is confined to the cell-substrate contact zone. We have developed a new
procedure based on the spinning disk technology to measure the number of receptor-ligand bonds in the
contact zone. Application of this methodology to the CX3CR1-fractalkine and the CXCR1-IL-8 receptor-
ligand systems demonstrated that the level of binding to an immobilized ligand is reduced by several
orders of magnitude in comparison to solution binding. A comparison of the solution binding and contact
zone binding constants shows that the effect of ligand immobilization was similar for each system. In
contrast, although the CXCR1-IL-8 bond had the higher affinity, the average bond strength was only
10% of that for the CX3CR1 bond. Because fractalkine can be expressed as a cell surface-bound protein,
CX3CR1 has been proposed to function as an adhesion receptor. The higher bond strength suggests that
the bond architecture has also evolved to serve an adhesion function.

Cell adhesion involves the interaction of cell surface
receptors with counter receptors or ligands displayed either
on other cells or as an extracellular matrix. For stable cell
adhesion, these reactions may involve thousands of receptor-
ligand bonds. These receptor-ligand bonds are formed in a
cell-substrate space that we shall call the contact zone. The
constraints on the interactions between receptor and ligand
in the contact zone are different from those in which soluble
ligands bind to cell surface receptors on cells in suspension.
The relationship between the equilibrium dissociation con-
stants derived for the case of the soluble ligands, which we
shall call theK3D (three-dimensional space), and those in
the contact zone, which we shall callK2D (two-dimensional
space), remains to be determined. For cell adhesion,K2D is
likely to be the significant parameter.

Two general approaches have been used to measure
receptor-ligand binding in the contact zone. Dustin et al.
(1) analyzed LFA-3-CD2 binding in the contact zone by
adding CD2-expressing cells to lipid bilayers containing
different densities of fluorescent-labeled LFA-3. The propor-
tion of bound receptors was determined from the distribution
of LFA-3 into the contact zone. This fluorescent method has
been extended to other receptor-ligand pairs (2, 3). This

analysis depends on the assumption that all of the receptor-
ligand pairs can be formed in the contact area where the
fluorescence concentrates are formed and that dissociation
results in the rapid exit of the labeled molecule from the
complex. The second approach uses mechanical forces. Most
of the available data has been developed for the binding of
selectins to substrate-attached ligands in a flow chamber (4-
6). Analysis of the transient rolling and release was used to
calculate on and off rates. Alternatively, manipulating cells
into and out of contact with an adhesive substrate using a
micropipet provides an alternative strategy for making the
same measurements (7, 8). In these analyses, theKon is
determined from the probability of bond formation and the
Koff is determined from the duration of the bond. Analyses
of P- and E-selectin have also been made using the plate
centrifugation method to separate cell and substrate (9).
Interestingly, the values forK2D obtained using the different
mechanical force measurements were similar (105-107

η/µm2) (2) and contrasted with values forK2D in the range
of 1-10 η/µm2 using the fluorescence methods. Thus,
assuming a cell-substrate separation distance of 10-20 nm,
the values forK2D using the fluorescent measurements are
close to those expected based on theK3D measurements, but
the values ofK2D for the mechanical measurements were
4-5 orders of magnitude higher than expected from theK3D

measurements (2). Whether the discrepancy is due to the
use of IgG superfamily adhesion molecules for the immu-
nofluorescent analyses and selectins for the force measure-
ments or to differences in the assumptions inherent in the
different methods is not clear.

At this time, the force measurements have been limited
to cases in which one or a small number of bonds was
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involved in binding the cell to the substrate. Because the
stable adhesion of a cell to a substrate generally involves a
large number of bonds, it is important to have an approach
that can be used for those cases. A spinning disk device was
developed, which applies a linear hydrodynamic shear
gradient to a cell population (10). The mean shear stress
required to detach the cells is directly proportional to the
number of receptor-ligand bonds that attach the cell to the
substrate (11). Therefore, this method provides a means to
determine the relative number of bonds formed in the contact
zone. This approach is analogous to the plate centrifugation
assay in which force is also used to detach cells (12). For
the purposes of this report, the spinning disk method offers
two advantages. First, it has been more extensively charac-
terized (11, 13, 14). Second, a higher force can be applied
to cause cell detachment making it more suitable for the
analysis of cases in which a large number of bonds attach
the cell to the substrate.

Previous analyses of 2D binding have been focused on
adhesion molecules. Adhesion molecules are subject to
various forms of regulation by the cell intent on regulating
its adhesion and thus add additional layers of complexity to
the analyses. For these studies, we chose to use the seven
transmembrane G-protein-associated cell surface receptors
CX3CR1 and CXCR1 (15, 16). The ligand for CX3CR1 is
FKN.1 FKN is expressed as a transmembrane protein with a
mucin-rich extracellular stalk that presents the receptor
binding domain (17, 18). Receptor-ligand binding has been
shown to arrest cells from flow in experimental systems.
Hence, this bond can function as an adhesive bond and be
analyzed using the spinning disk method. The ligand for
CXCR1 is IL-8, which is normally expressed as a soluble
molecule. The receptor binding domain of IL-8 was substi-
tuted for the receptor binding domain of FKN. This permitted
the analysis of CXCR1-IL-8 binding under the same
conditions as the CX3CR1-FKN binding. These “adhesion
receptor” systems also avoid the issues of adhesion receptor
signaling present for other adhesion receptors since mutations
in the signaling domain do not affect the ligand binding
reaction (19, 20, and unpublished data using the spinning
disk). Chemokine receptors do undergo a desentization
process; however, this does not appear to affect ligand
binding itself and hence is not likely to be a complicating
factor for the analysis (21).

MATERIALS AND METHODS

Cells and Ligands.Murine pre-B cell lines (300-19, 300-
19 mCX3CR1, and 300-19 hCXCR1) were cultivated in
RPMI-1640 medium (GIBCO BRL, Gaithersburg, MD)
supplemented with 10% fetal calf serum (Hyclone Labora-
tories, Logan, UT), 50µM â-mercaptoethanol, penicillin (100
IU/mL), and streptomycin (100µg/mL). DNA constructs for
chemokine receptors with N-terminal FLAG epitope and
transfection procedures were described in ref (20). Stably
transfected cells were maintained in the presence of 400µg/
mL G418. Human IL-8-stalk-6-His and human FKN-
stalk-6-His have been described previously (22). These

constructs were used by R & D Systems (Minneapolis, MN)
to produce purified proteins.

Fluorescence-ActiVated Cell Sorter (FACS) Analysis.
Relative expression levels of the chemokine receptors on cell
surfaces were determined by flow cytometry. Cells were
harvested, resuspended at 5× 106/mL in FACS buffer (0.05
M Tris, 0.15 M NaCl, 1 mM CaCl2, 0.1% bovine serum
albumin (BSA), and 0.02% NaN3, pH 7.4), and then
incubated with saturating concentrations of anti-FLAG M1
monoclonal antibody (mAb) (Sigma, St. Louis, MO) for 45
min at 4 °C. The cells were washed, followed by binding
fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG
(Jackson ImmunoResearch Laboratory, West Grove, PA) for
30 min at 4°C. The cells were washed and analyzed on a
FACScan (Becton Dickson, San Jose, CA).

Ligand Adsorption (Substrate Preparation).Glass cover-
slips (25 mm diameter, Bellco Glass Inc., Vineland, NJ)
cleaned with 95% ethanol and distilled water were coated
with 0.1 mg/mL collagen (type I, Collagen Biomaterials, Palo
Alto, CA) and dried overnight. Each coated coverslip was
placed on a pedestal (15 mm diameter coverslip) in a 35
mm Petri dish, topped with 300µL of nitrocellulose (Micron
Separations Inc., 1 cm2/mL methanol), and then air-dried.
Right before the cell detachment assay, the treated coverslips
were sequentially loaded with 300µL of anti-hexa-Histidine
(6-His) mAb (10 µg/mL, R & D Systems) for 30 min,
blocked with 1 mL of 1% heat-inactivated (HI) BSA for 30
min, and then layered with 300µL of carboxyl-terminal
6-His-tagged FKN or IL-8-mucin stalk chimera (R & D
Systems) for 60 min at room temperature. Phosphate-buffered
saline (PBS) was used to wash coverslips between each
substrate loading.

Cell Detachment Assay.Cell adhesion was measured using
a spinning disk device as previously described in ref (11).
Briefly, cells were harvested, washed, and resuspended in
adhesion buffer (24 mM HEPES, 137 mM NaCl, 2.7 mM
KCl, 1 mM MgCl2, and 2 mM glucose, pH 7.4). For each
assay, 2× 105 cells in a total volume of 400µL were evenly
seeded onto a ligand-coated glass coverslip mounted on the
spinning disk device and allowed to attach for 15 min (unless
specified otherwise). After incubation, the chamber of the
spinning disk device was carefully filled with adhesion buffer
and the cells were spun for 5 min at a constant speed with
controlled acceleration rates. After spinning, adherent cells
were fixed in 3.7% formaldehyde, permeabilized with 1%
Triton X-100, and stained with ethidium homodimer (Mo-
lecular Probes, Eugene, OR). The coverslips were analyzed
by counting the number of nuclei per microscope field (0.5
mm2) using an Optiphot fluorescent microscope (Nikon,
Garden City, NY) equipped with a motorized Ludl XYZ
stage, a filter wheel/shutter (LUDL Electronics Products Ltd.,
Hawthorne, NY), and a Photometrics SenSys cooled charge-
coupled device camera (Tucson, AZ). Sixty-one fields per
coverslip were analyzed by Image-Pro V3.0 (Glenn Mills,
PA), and the shear stress corresponding to 50% cell detach-
ment (τ50) was calculated by fitting the data to a sigmoid
curve by SigmaPlot (SPSS Science, Chicago, IL).

Analysis of Radioligand Binding to Anchored Substrate.
Cleaned glass coverslips (9 mm× 9 mm) were coated with
collagen and then placed on 5 mm diameter pedestals. The
coverslips were layered with 50µL of nitrocellulose and air-
dried. Immediately before the binding experiment, treated

1 Abbreviations: FKN, fractalkine; FACS, fluoresence-activated cell
sorting;τ50, mean shear stress for cell detachment; L, ligand density;
RB, number of bound receptors per cell;RT, universal gas constant
times absolute temperature.
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coverslips were sequentially coated with 50µL of anti-6-
His mAb (10 µg/mL) for 30 min, washed once with PBS,
blocked with 200µL of 1% HI-BSA for 30 min, washed
once with PBS, and then loaded with 50µL of a combination
of Bolton-Hunter labeled125I-6-His-tagged FKN and vary-
ing concentrations of unlabeled FKN. After they were
incubated at room temperature for 1 h, the coverslips with
bound FKN were washed with PBS and then scanned with
Wallac WIZARD Automatic Gamma Counter (PerkinElmer
Life Sciences, Boston, MA). Anti-6-His mAb was replaced
by BSA for nonspecific binding at each ligand concentration.

Analysis of Receptor Binding to Soluble Ligand.Murine
CX3CR1 or human CXCR1-transfected 300-19 cell lines
were harvested, washed, and resuspended in adhesion buffer
+ 1 mg/mL BSA+ 0.01% sodium azide. The binding assays
were conducted in a total volume of 200µL, consisting of
100µL of cell suspension (106 cells), 50µL of a combination
of Bolton-Hunter labeled125I-chemokine, varying concen-
trations of unlabeled chemokine, and 50µL of buffer.
Recombinant chemokines obtained from R & D Systems
containing both the stalk and the 6-His tag exactly as used
for the adhesion analyses were used for the soluble ligand
binding experiments. After the chemokines were incubated
for 90 min at room temperature under gentle agitation, 50
µL aliquots were layered in triplicate onto 300µL of 20%
sucrose gradient in 0.4 mL microcentrifuge tubes. The bound
chemokine was separated from the unbound chemokine by
centrifugation at 12 000g for 3 min, and the tips of the tubes
containing the cell pellet were clipped and quantified. The
nontransfected cell line (300-19) was used for nonspecific
binding. All radioligand binding data were analyzed using
rectangular hyperbola regression for monovalent receptor-
ligand binding provided by SigmaPlot.

RESULTS

Principle of the Analysis.To develop a model for the
analysis of the CX3CR1-FKN bond, CX3CR1 was trans-
fected into the 300-19 lymphocyte cell line. The FACS
analysis in Figure 1A shows that the cell surface expression
of CX3CR1 was detected with a narrow range of expression
levels, which could be used for the spinning disk analysis.
The transfected cells were plated on FKN-coated coverslips
and analyzed using the spinning disk. Figure 1B shows the
analysis of a typical spin. Each of the points represents a
normalized cell density taken at a fixed radial position from
the axis of rotation. On the basis of the calibration of the
hydrodynamic shear stresses for the apparatus, a surface shear
stress was calculated for each radial position (X-axis). The
data were fit to a sigmoid curve based on the assumption
that the mean cell detachment shear stress was a normally
distributed cell property. It is expected to vary with both
variations in cell size and variations in receptor density. From
the curve fit, aτ50, or mean cell detachment, shear stress
was determined. Although shear stress is not the same as
force applied to detach the cell, as long as the cell sizes and
shapes are similar, the proportionality between shear stress
and applied force will not vary. Figure 1C shows that for
low ligand densities, increasing the density produced a
proportional increase inτ50. According to the laws of
chemical equilibrium, the number of bonds that form should
be directly proportional to receptor and ligand density.
Becauseτ50 was also directly proportional to ligand density,

it provides a direct measure of the relative number of
receptor-ligand bonds.

Most analyses of receptor-ligand binding are based on
the model of the law of mass action (ligand+ receptor
rThinSpacef ligand:receptor). The model assumes that
binding occurs as a result of random receptor-ligand
associations, that the binding reaction is reversible, and that
equilibrium is reached when the binding and unbinding
reactions are equal. This leads to the equation for determining
the number of bound receptors:

RB is the number of bound receptors (per cell);Bmax is the
total number of receptors per cell available for binding;L is

FIGURE 1: Analysis of chemokine-mediated adhesion strength by
cell detachment assay. (A) Flow cytometric analysis of chemokine
expression using anti-FLAG M1 mAb to detect the N-terminal
FLAG tag on the chemokine constructs. Nontransfected 300-19 cells
(dash line), 300-19 transfectants expressing mCX3CR1 (solid line),
and hCXCR1 (dotted line). (B) Characteristic cell detachment
profile; shown is a fraction of adherent mCX3CR1-transfected 300-
19 cells as a function of surface shear stress (τ) on a collagen/
nitrocellulose-treated coverslip coated with 0.5µg/mL 6-His-tagged
FKN. The adherent fraction is the cell density normalized to the
center of the disk. Curve fit parameters:τ50 ) 76.3 dyne/cm2, R2

) 0.94. (C) Linear relationship between CX3CR1-mediated cell
adhesion strength (τ50) and FKN density at lower ligand densities
(<1100 sites/µm2). Error bars indicate the standard errors (n ) 3).
The dashed line represents linear regression,R2 ) 0.99.

RB ) BmaxL/(KD + L) (1)
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the ligand density; andKD is the equilibrium dissocation
constant. By varying the ligand density , measuringRB, and
fitting the data to the curve generated by eq 1, the values
for Bmax and KD can be determined. This approach can be
adapted for the analysis of data developed by the spinning
disk analysis. First, the analysis does not determineRB but
aτ50 measurement that is proportional toRB. This also means
that the value obtained forBmax from the curve fitting is a
complex constant including factors for cell shape and bond
strength. However, because we are not concerned with these
issues here, these conversions will be represented by the
single constant (C). Second, a value for ligand density (NL)
is substituted for ligand concentration (L) and the 2D
dissociation constant (K2D) is used. Thus:

By fitting the data forτ50 as a function toNL to eq 2, it is
now possible to determine a value forK2D, provided that
the conditions of dissociation and equilibrium are met.

Analysis of Equilibrium.On a 300-19 cell in suspension,
the CX3CR1 receptors are likely to be randomly distributed
on the cell surface and the ligands will be randomly
distributed on the substrate surface. The contact between the
two surfaces may align a few receptor-ligand pairs within
sufficient physical proximity to bind, but this will be a very
small proportion of the total. Although the ligand is bound
to a spot, the receptors will be able to diffuse within the
plane of the membrane. Thus, it is expected that it will take
some period of time for the system to reach an equilibrium
state in terms of the number of receptor-ligand bonds.
CX3CR1-transfected 300-19 cells were plated on a FKN
substrate and assayed using the spinning disk at different
times after plating. Because the assay measures the propor-
tion of cells that are retained at each shear stress as compared
to the cells at minimum shear stress (at the center of rotation),
it corrects for the rate of cell settling. Figure 2 shows an
initial rise in τ50 to reach a steady state by 15 min after
plating. From 15 to 120 min, there was no significant change
in τ50. This demonstrates that equilibrium binding conditions
were achieved by 15 min after plating.

Determining Ligand Density.Because the ligand has been
immobilized, the presentation of ligand on a surface is more
complex than presenting ligand in solution. Only ligands that
are presented in a form in which the receptor binding site is
exposed and available to the receptor and which are not
altered by the interaction of the ligand with the solid substrate

can be counted. For the spinning disk analysis, there is the
additional requirement that the ligand be sufficiently bound
to the substrate that it is not released when force is applied
through the bound receptor. Nonbiological surfaces, including
glass and polystyrene used for culture dishes, have consider-
able propensity to denature or alter bound proteins (23-
26). Thus, it was important to insulate FKN from the
nonbiological surface. A FKN construct was made in which
the transmembrane and cytoplasmic domains were replaced
with a 6-His tag. The glass surfaces were coated first with
collagen and then nitrocellulose. The collagen was necessary
to keep the nitrocellulose in place during spinning because
the nitrocellulose provides strong binding for the proteins.
The nitrocellulose was then coated with anti-6-His antibody.
To test this combination, coverslips with this coating were
incubated with125I-FKN (6-His recombinant). Figure 3 shows
the binding plot. The saturation level for FKN binding was
3.2× 103 molecules/µm2. For immunoglobin with a molec-
ular mass of 160 kDa, it would have a globular protein size
of ∼10 nm diameter; this would give a monolayer of 104

IgG/µm2. If the IgG binds in a random orientation, then one-
sixth will be approximately binding side-up and each has
two binding sites, which gives 3.3× 103 binding sites/µm2,
in good agreement with the measured value. The FKN is
presented on an oriented stalk in a protein context. The curve
fit of eq 1 to the plot shown in Figure 3 generates aKD value
of 11.1 nM. This equation can now be used to calculate the
density of bound FKN for each concentration added to the
substrate. Because the IL-8 construct has the same stalk and
antibody binding region, the data can also be applied to the
calculation of the bound density of the FKN-stalk-IL-8
receptor.

QuantitatiVe Analysis of the 2D Binding Affinity Constant
for CX3CR1.The specificity of the CX3CR1-FKN binding
reaction was analyzed using the spinning disk by comparison
of parental 300-19 cells, which do not express CX3CR1-
and CX3CR1-transfected 300-19 cells and CR3CR1-trans-
fected 300-19 cells with and without FKN (Figure 4A). The
backgroundτ50 values of 4.1 and 4.9 dynes/cm2 represent
the nonspecific binding and were less than 10% of the
specific adhesion values.

To determine theK2D for CX3CR1 on transfected 300-19
cells and substrate-bound FKN,τ50 was measured as a
function of ligand density using the spinning disk device.

FIGURE 2: FKN-mediated adhesion strength as a function of
adhesion time. The same densities of mCX3CR1-transfected 300-
19 cells (400 cells/mm2) are seeded on the coverslips coated with
0.5 µg/mL 6-His tagged for various amounts of time. Error bars
indicate the standard deviation (n ) 3).

τ50 ) CNL/(K2D + NL) (2)

FIGURE 3: Quantitative analysis of chemokine ligand density on
the coverslip for cell detachment assay. Shown are the binding
characteristics of125I-FKN to a anti-6-His antibody/nitrocellulose-
coated surface. Nonspecific binding, determined by the binding of
125I-FKN to the BSA/nitrocellulose-coated surface, was subtracted.
The parameters derived from a rectangular hyperbola regression
for monovalent receptor-ligand binding were as follows:KD )
11.1( 3.5 nM, maximum ligand density) 3.2 ( 0.2 × 103 sites
per µm2, R2 ) 0.96,n ) 3.
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Figure 4B shows the values forτ50 plotted as a function of
ligand density. As shown above, these values were obtained
when the binding reaction was at equilibrium. Several
additional conditions are required for interpretation of this
binding data. (i) There must be only one population of
receptors. This is shown in Figure 4A since the nontrans-
fected cells show only background levels of binding. (ii)
Binding must not be cooperative. There is no evidence for
this in FKN-CX3CR1 binding. (iii) There must be a
sufficient excess of ligand at all densities. The CX3CR1-
transfected 300-19 cells have a cell radius of about 3µm
and express about 105 receptors/cell (see below), which gives
a maximum surface density of 103 receptors/µm2. [Note that
the total surface is about twice the surface of the sphere;
hence, actual receptor densities could be reduced by a factor
of 2 (3).] The plot in Figure 4B extends just over theK2D

for the binding reaction. BecauseK2D represents the point
at which 50% or 5× 102 receptors were bound for a ligand
density of 3.2× 103/µm2, there was a>5-fold excess of
ligand at all points on the curve. A 5-fold excess is sufficient
to prevent any major distortion of the data (27). Thus, the
basic assumptions of the model are met, and the curve fit in
Figure 4B can be used to estimate the value for theK2D for
the CX3CR1-FKN bond. The value obtained forK2D from
the curve fit was 2.5× 103/µm2 (Table 1). The major
limitation in this measurement stems from the inability to
achieve ligand densities much aboveK2D for the reaction.

QuantitatiVe Analysis of a 2D Binding Constant for
CXCR1.To test the generality of this binding analysis, similar
analyses were performed using CXCR1, which is another
7-transmembrane G-protein-coupled receptor (28). Its normal
ligand is IL-8, which is not normally produced in a
membrane-bound form. To extend the principles demon-
strated for CX3CR1, a form of IL-8 was constructed in which
the receptor binding domain of IL-8 was spliced onto the
6-His-tagged mucin-rich stalk from FKN. The 300-19 cells
were transfected with a construct expressing CXCR1. This
provided the means to construct an IL-8 substrate directly
analogous to the FKN substrate described above and to apply
the same principles with the spinning disk to analyze the
number of receptor-ligand bonds in the 2D configuration.
Figure 1A shows the cell surface expression of CXCR1 on
the transfected 300-19 cells. Figure 5A shows the adhesion
profiles for parental 300-19 cells and 300-19 cells expressing
CXCR1, demonstrating both that the analytic method can
be applied to this receptor-ligand combination and that the
reactions are receptor and ligand specific. Figure 5B extends
the specificity analysis by examining the binding of both
CXCR1 and CX3CR1 to both FKN and IL-8 ligands. There
was no detectable cross-reactivity between the receptor-
ligand pairs.

Figure 5C shows the analysis ofτ50 using the spinning
disk device as a function of IL-8 density and parallels the
results shown in Figure 4B for CX3CR1 and FKN. The value
for K2D calculated from this analysis was 8.6× 102/µm2

(Table 1). In this case, half of the measured points were
>K2D. This provides a strong demonstration that this form
of analysis can be applied to the determination of 2D binding
constants and overcomes the limitation shown in the analysis
of the CX3CR1-FKN measurements imposed by the
maximum practical ligand density achieved.

Comparison of 2D and 3D Ligand Binding Parameters
and Bond Strength for CXCR1 and CX3CR1.The K3D for
binding of soluble FKN to cells expressing CX3CR1 and
for the binding of IL-8 to CXCR1 is to be in the 0.8-4 nM
range (22, 29, 30). To provide a comparison between the
FKN and the IL-8 binding in 2D vs 3D, we analyzed the
K3D for each. The 6-His-tagged mucin stalk FKN and IL-8
constructs were labeled with iodinated Boulton-Hunter
reagent and used in binding experiments to the CX3CR1 and
CXCR1 expressing cells, respectively (Figure 6). The binding
of labeled ligand to parental 300-19 cells was used as the
negative control. The values ofK3D that were calculated from
the binding plots curve fits were similar to the previous
reports (Table 1). The binding data shown in Figure 6 were
also used to calculate the total number of receptors per cell
based on eq 1 (Bmax).

To provide a basis for comparison ofK2D andK3D, it is
necessary to convert theK2D density to concentration. This
can be done by assuming a cell substrate separation distance
of 20 nm. This is consistent from analyses using interference
reflection microscopy (data not shown).K2D (the ligand
density necessary to bind 50% of the CX3CR1 receptors)
was determined to be 2.5× 103/µm2 (Table 1) or, given the
20 nm separation distance, 2.1× 10-4 M. Comparing this
to the value forK3D of 3 × 10-9 M gives a 6.9× 104-fold
difference. This difference in affinity was not expected and
indicates that even for receptors with relatively lowK3D

values, only a minor portion may be occupied when the

FIGURE 4: Analysis of CX3CR1-mediated cell adhesion to FKN.
(A) Adhesion strength and specificity of FKN-mediated cell
adhesion. Shown are the detachment profiles of nontransfected 300-
19 cells plated on 0.5µg/mL FKN (1, τ50 ) 4.9, R2 ) 0.89) and
mCX3CR1-transfected cells in the presence (b, τ50 ) 61.8,R2 )
0.91) and absence (O, τ50 ) 4.1, R2 ) 0.94) of FKN. (B) Two-
dimensional binding analysis of CX3CR1 to surface-bound FKN.
τ50 was measured using a spinning disk as shown in panel A using
300-19 (CX3CR1) cells for different levels of bound FKN. The
data were fit to a single-site saturation binding using the SigmaPlot
ligand binding program. The FKN density was determined from
the binding data in Figure 3.K2D ) 2488( 1042 site/µm2, R2 )
0.97,n ) 3.

Contact Zone Receptor Binding Biochemistry, Vol. 43, No. 22, 20047183



ligand is immobilized on a surface. Interestingly, the ratio
of K2D to K3D was similar for both receptor-ligand pairs
(Table 1). This implies that the reduction in binding in the
contact zone was by a similar factor for each and hence is
likely to be determined by the cell type, receptor-ligand
type, and cell-substrate contact zone.

Because the CXCR1 and CX3CR1 receptor systems are
expressed in the same cell type and their ligands were
similarly expressed on the stalk of FKN, it is possible to
compare their relative bond strengths. TheK2D for CXCR1
was about one-third of that for CX3CR1, and the level of

cell surface expression was about 2-fold (Table 1). This
means that there would be 6-fold more CXCR1-IL8 bonds
at the same ligand density. The mean cell detachment force
was about 1.75-fold higher for CX3CR1 cells on FKN
(Figure 4B). Therefore, the average CX3CR1-FKN bond
would be about 10-fold stronger than the CXCR1-IL8 bond.
Thus, although the CX3CR1-FKN bond has a higherKD

(lower affinity), it has a higher bond strength. This lack of
correlation between bond strength and affinity implies that
bond energy (RTln 1/KD) is not the only determinant of bond
strength.

The comparison of the two receptor-ligand bond systems
also provides some important controls for the experimental
conditions. The cells are held to the substrate through a
linkage that includes both the receptor-ligand bond and the
6-His tag-antibody bond. In theory, either of these bonds
could be the weak link that ruptures under force. The 10-
fold difference in bond strength demonstrates that it must
be the receptor-ligand bond that ruptures at least for the
CXCR1-IL-8 bonds. Second, theK2D for the CXCR1-IL-8
bond was 6-fold lower suggesting that this would come to
equilibrium more rapidly than the CX3CR1-FKN bond and
hence would be close to equilibrium by the 15 min assay
time used above.

DISCUSSION

The data demonstrate that using a receptor-ligand pair
that have nanomolarKD values for solution binding and

Table 1: Two- and Three-Dimensional Binding Parameters

2D ( SEM 3D( SEM

receptor ligand K2D (µm2) R2 K3D (nM) RT R2

CX3CR1 FKN 2488( 1042 0.97 3.06( 0.81 1.08( 0.11× 105 0.98
CXCR1 IL-8 863( 273 0.95 1.54( 0.14 2.21( 0.05× 105 0.99

FIGURE 5: Analysis of CXCR1-mediated cell adhesion to IL-8. (A)
Detachment profiles of nontransfected (τ50 ) 4.1, R2 ) 0.94) and
hCXCR1-transfected (τ50 ) 39.1,R2 ) 0.98) 300-19 cells on 0.5
µg/mL 6-His-tagged IL-8-mucin stalk chimera-coated surface using
the spinning disk assay. (B) Comparison of adhesion strength and
specificity of binding of CX3CR1-FKN and CXCR1-IL-8. Shown
are the combined data from three independent experiments with
the mean adhesion strength (τ50) and standard error. (C) Two-
dimensional binding analysis of CXCR1 to varying densities of
surface-bound IL-8 using the spinning disk analysis. The IL-8
density was assumed to be the same as that for FKN shown in
Figure 3 because of the similarity of the constructs.K2D ) 863 (
273 site/µm2, R2 ) 0.95,n ) 3.

FIGURE 6: Demonstration of 3D ligand-receptor binding analyzed
by radioligand binding assay. (A) Saturation binding plot for125I-
FKN to 300-19 mCX3CR1 cells. (B) Saturation binding plot for
125I-IL-8 to 300-19 hCXCR1. Nonspecific binding, determined using
parental 300-19 cells, was<5% at each ligand concentration and
was subtracted.KD andBmax of each binding are calculated from a
single-site saturation curve fit by the SigmaPlot ligand binding
equation and summarized in Table 1.
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concentrating the receptor and ligand in a cell-substrate
contact zone require a surprisingly high ligand density to
achieve 50% binding of the receptor. When the ligand is
immobilized, the receptors must diffuse within the membrane
to interact with ligands. This process is limited by diffusion
rates of the receptors in the cell membrane and by the
separation distance between cell and substrate.

Previous analyses of the binding of receptors and ligands
in the 2D contact zone have used either analysis of ligand
concentration within the contact zone or mechanical means
to measure the binding constants (2). The two approaches
gave very different relationships between 2D and 3D binding
constants. For the fluorescent method, there was little
difference between the two when compared as above, but
for the mechanical methods, the 2D analyses reportedK2D

values that were 3-5 orders of magnitude greater than
predicted. One explanation that has been proposed is that
the fluorescent methods measured the reactions at equilibrium
whereas most of the mechanical analysis involved the
measurement of single or a very small number of bonds
under nonequilibrium conditions (2). The analyses performed
here appear to be close to equilibrium and involve a large
number of bonds, so this is not consistent with the previous
interpretation. The other difference between the two ap-
proaches is that in the fluorescent localization method, there
is an assumption that the distribution into the contact zone
is equivalent to binding. The data presented here show that
many of the receptors in the contact zone are not bound and
hence that assumption would not be valid for the chemokine
receptor-ligand system analyzed here. The second important
difference for the fluorescence localization method is that
the ligand was free to diffuse in a lipid bilayer. This would
produce variations in ligand density that would not apply to
the immobnilized case described here. The experiments that
are most directly comparable with the current analysis are
the measurements of E- and P-selectin binding using a plate
centrifugation assay for cell detachment (9). The values of
K2D relative toK3D in those studies are in general agreement
with the data presented here.

This analysis would suggest that the difference between
the K2D and theK3D values was a property of the cell,
substrate ligand, and experimental approach rather than a
property of the receptor-ligand bond. In that case, the ratio
of K2D to K3D for similar receptor-ligand types measured in
homologous conditions should be constant. This relationship
was not apparent from the data available in the literature
probably because of differences in the cell systems and
methods used (2). By treating both receptor-ligand systems
similarly and using the same parental cell type for expression,
the data presented here do show similarK2D:K3D ratios as
predicted.

The CX3CR1-FKN receptor-ligand pair is unusual
among the chemokines because FKN can be expressed as a
cell surface-bound ligand (17, 18). This led to the speculation
that it could function in the arrest of leukocytes from flow
in the circulatory system and the demonstration of this
property in vitro (20, 31). Unlike selectin-mediated adhesion,
CX3CR1 does not induce cell rolling, only firm adhesion
(20). This would be consistent with a larger number of
receptors required for the arrest, which would reduce the
probability of detachment. On the basis of the measurements
presented here, it would require about 1000 receptors bound

per cell to resist detachment by the 10 dyne/cm2 shear stress
that is common in large blood vessels. Because of the
unexpectedly highK2D, this would require surface expression
levels in the range of 105/cell for both CX3CR1 on the
leukocyte and FKN on the endothelial cell. Thus, relatively
high levels of both receptor and ligand expression would be
necessary to form this many bonds rapidly to mediate arrest
by themselves. Alternatively, altherosclerosic plaques provide
a disruption of the laminar flow patterns and would provide
a context in which CX3CR1 could function as an adhesion
receptor. Consistent with this speculation, knockout of
CX3CR1 in mice leads to a reduction of altherosclerosis (32).
Comparison of CX3CR1 with CXCR1 in terms of their
ability to resist detachment shows that the CX3CR1 has about
a 10-fold advantage in the minimal number of bonds that
would be required for cell arrest. Interestingly, this increase
in apparent bond strength does not appear to be accompanied
by a decrease inKD (or an increase in bond energy).
Therefore, it appears that bond strength and bond energy
can be determined somewhat independently through the
specific molecular interactions in the receptor-ligand inter-
face.
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