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Stepped Changes of Monovalent Ligand-binding Force
during Ligand-induced Clustering of Integrin �IIB�3
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Recent evidence demonstrated that conformational changes
of the integrin during receptor activation affected its binding
to extracellular matrix; however, experimental assessment of
ligand-receptor binding following the initial molecular interac-
tion has rarely been carried out at a single-molecule resolution.
In the present study, laser tweezers were used to measure the
binding force exerted by a live Chinese hamster ovary cell that
expressed integrin �IIb�3 (CHO �IIb�3), to the bead carrier
coated with the snake venom rhodostomin that served as an
activated ligand for integrin �IIb�3. A progressive increase of
total binding force over time was noticed when the bead inter-
actedwith the CHO�IIb�3 cell; such an increase was duemainly
to the recruitment of more integrin molecules to the bead-cell
interface.When the binding strength exerted by a single ligand-
receptor pair was derived from the “polyvalent” measurements,
surprisingly, a stepped decrease of the “monovalent binding
force” was noted (from 4.15 to 2.54 piconewtons (pN)); such
decrease appeared to occur during the ligand-induced integrin
clustering process. On the other hand, themutant rhodostomin
defective in clustering integrins exhibited only one (1.81 pN)
unit binding strength.

Since the early recognition of integrin as an integral mem-
brane complex involved in the trans-membrane association
between the extracellular matrix and the cell, integrin het-
erodimers have been found to play important roles in control-
ling various steps that regulate processes as diverse as prolifer-
ation, development and differentiation, cell migration, and
carcinogenesis (1). The initiation of the integrin-mediated
activities involves at least two steps, namely, receptor activation

and clustering. Taking platelet cells as an example, the integrin
�IIb�3 proteins on the membrane of a resting platelet bind only
loosely to fibrinogen (FBN).3 Stimulation (or activation) of the
platelets with agonists (such as ADP or thrombin) induces an
inside-out signaling process that confers on integrin �IIb�3 a
stronger binding to FBN, resulting in the onset of platelet aggre-
gation. Subsequent integrin clustering triggers complex intra-
cellular signaling pathways that regulate the extent of the irre-
versible platelet aggregation and clot retraction (2). Using
advanced structural biology techniques, several recent reports
have provided convincing evidence that indicates the adoption
of different molecular conformations by integrin heterodimers
when the inside-out signaling pathway is invoked (3–5). Such
structural changes are thought to be the mechanisms underly-
ing increased ligand binding by an integrin during the activa-
tion process. Whether or not ligand binding affinity is further
modulated during the subsequent integrin clustering process
has remained largely elusive (6).
To focus this research on the ligand-receptor interaction

during the receptor clustering, we utilized snake venom rho-
dostomin from Agkistrodon rhodostoma as the ligand for inte-
grin �IIb�3. Rhodostomin is a member of the disintegrin super-
family (7); it binds very strongly to integrin �IIb�3 (8, 9). Unlike
the FBN and other extracellular matrix agonists, rhodostomin
positively regulates outside-in signaling without prior inside-
out activation of integrin �IIb�3 (9–11). The structure of rho-
dostomin has been solved (12). The binding of rhodostomin to
the integrin is attributed to its Arg49-Gly50-Asp51 (RGD)
sequence motif and changing RGD to RGE totally abolishes
integrin binding (10). Sequences adjacent to the RGDmotif are
thought to play regulatory roles; for example, the mutant that
has a mutation at Pro53 significantly affects the morphogenesis
and aggregation activity of rhodostomin on platelets (13).
In this report, we utilize laser tweezers to quantify the bind-
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ing force of the interacting ligand-receptor molecular pairs at a
single-molecule resolution (usually in a force range of a few
pNs) and to monitor the interaction dynamics over time. By
focusing a laser beam to a diffraction-limited spot, the laser
tweezers technique offers a unique way to manipulate targets
and generate molecule-scaled forces (14–16). The use of light
also allows the experiments to be performed in situ where the
biological interactions occur. The measurements so done are
much less invasive than techniques such as atomic force
microscopy. In the present study, we successfully applied laser
tweezers to systemically investigate the binding forces exerted
by a live CHO cell that contained integrin �IIb�3 on its mem-
brane to a microbead carrier coated with the integrin ligand,
rhodostomin. By analyzing the data set that represented the
ensemble binding force of more than one ligand-receptor pair
(polyvalent), we were able to derive the “unit” binding force,
which we believe representing the “monovalent” binding
strength between a single molecular pair of rhodostomin and
integrin.

EXPERIMENTAL PROCEDURES

Cells and Recombinant Rhodostomin Proteins—The CHO
�IIb�3 cells were a gift from Dr. Yoshikazu Takada of the
Scripps Research Institute (17) and were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, 0.1 mM non-essential amino acids, 2 mM L-glutamine,
and 50 �MG418 (Invitrogen). CHO �IIb�3 cells were incubated
in 5%CO2 at 37 °C. The rhodostomin genewas a gift fromDr. SJ
Lo ofChang-GungUniversity, Tao-Yuan, Taiwan. The parental
CHO K1 cells, which contained no integrin �IIb�3, were pur-
chased from ATCC and grown in F-12 medium supplemented
with 10% fetal bovine serum, 0.1mMnon-essential amino acids.
Generation and purification of the recombinant rhodostomin
proteins were done according to a previous report (18). All
beads used in this study were polystyrene beads (Bangs Labo-
ratories); the coating with recombinant rhodostomin proteins
was done by the hydrophobic adsorption method (19). Essen-
tially, beads were incubated with 10 �g/ml proteins in phos-
phate-buffered saline at 4 °C overnight with gentle mixing,
washedwith phosphate-buffered saline for three times, and fur-
ther blocked with 5% heat-treated bovine serum albumin at
4 °C for 2 h.
Cell AdhesionAssay—The cell adhesion assaywas performed

as described previously (20, 21). The adhesion substrates were
coated with different concentrations of recombinant rhodos-
tomin as indicated at 37 °C for 2 h, followed by 1% heat-treated
bovine serum albumin at 4 °C overnight. CHO �IIb�3 and
parental CHO K1 cells were harvested and then plated on the
substrates at the density of 5� 104 cells/well at 37 °C for 30min.
The cells that remained adhering to the substrate after a
standard wash procedure were determined by the methyl-
thiazolyldiphenyltetrazolium bromide assay. Absorbance
was read at 570 nm.
Focal Adhesion Kinase (FAK) Phosphorylation Assay—The

FAK phosphorylation experiments were done according to the
method described previously (22). Briefly, cells were incubated
with 100 �g/ml recombinant rhodostomin proteins, fibrino-
gen, or mock solution for 30 min, then lysed and immunopre-

cipitated with anti-FAK antibodies (Upstate Biotechnology).
The resulting immuno-complexes were blotted with anti-FAK
and anti-phosphotyrosine antibodies (Upstate Biotechnology)
and detected by the chemiluminescence assay (PerkinElmer
Life Sciences).
Immunofluorescence Staining—Immunofluorescence stain-

ing was done as described previously (22). Briefly, suspended
cells were incubated with 200 �g/ml Rho-RGD, Rho-P53N, or
mock solution for 30 min, then fixed, permeabilized, and
labeled with monoclonal antibodies made against human inte-
grin �3 or integrin �IIb (Chemicon), followed by fluorochrome-
conjugated secondary antibodies. The resulting slides were
observed using a Leica TCS SP2 confocal microscope and a
Leica DM IRBE epifluorescence microscope.
Laser Tweezers Construction—The assembly of laser tweez-

ers was done in the laboratory (23, 24). A 100-milliwatt CW
TEM00 mode diode laser at � � 830 � 10 nm (JDS Uniphase
Corp.) was used for trapping; the power was controlled by Lab-
VIEW (National Instrument) through a current driver (New-
port). A probing He-Ne laser (JDS Uniphase Corp.) was also
directed to the trapped object to generate a forward scattering
image which was used to better position or monitor the dis-
placement of the trapped object.
Trapping Force Calibration—The dragging force method

was applied to calibrate the trapping force of the laser tweezers.
The trapping force of the laser tweezers exerted on the bead
positioned at the 2 �m off-center position (in the �P mode
measurements) was measured and calculated using the modi-
fied form of Stoke’s Law,

f �
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where � was the viscosity of the medium, � was the velocity of
the laminar flow, r was the radius of the polystyrene bead (3.75
�m), and hwas the distance of the trapped bead from thewall of
laminar flow. The maximum and minimum trapping forces of
laser tweezers at the 2�moff-center position are 21 and 1.5 pN,
respectively.
Force Measurements: the �T and �P Mode—Binding force

measurements between the bead and the cell were done in two
ways, the �T and �P modes (Fig. 3A). In the �T mode, a bead
was guided to contact a cell. After a certain interaction period
(�T; from 10 to 100 s in a 10-s increment), a constant force (21
pN) was applied to hold the bead while the cell was moved
away from the trapped bead by the motorized stage at a
constant velocity of 1 �m/s. The percentage of the beads that
resisted such detaching manipulation was plotted as a func-
tion of �T (Fig. 3B). In the �Pmode, the range of the binding
force distribution after a fixed period of molecular interac-
tion was determined. A bead was held in contact with a cell
by laser tweezers for 40 s (in Rho-RGD bead experiments) or
80 s (in Rho-P53N bead experiments). The laser trap was
turned off and displaced off the bead-center by 2 �m. The
laser was then turned on and increased the power at a steady
rate (the loading rate of the trapping force is estimated 1.74
pN/s). The bead was released then retrapped twice; the min-
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imal force just enough to “retrap” the bead was recorded. All
the adjustments mentioned above were automated by com-
puter program.
Statistical Analysis—The data set of the �P mode experi-

ments (Figs. 4 and 5) were subjected to statistical analyses start-
ing with non-parametricmethods, including generalized cross-
validation (GCV)-Loess (25, 26) method, GCV-Spline method,
minimal frequency selection, and maxima frequency selection
method. In essence, the entire data set was first viewed as a
continuous process and then categorized into separate groups
by dichotomizing the length of duration (the distance between
themeans of groups) withoutmaking any assumption. The best
optimization was determined by equality of durations and
tested by the nonparametricWillcoxon rank sum test under the
“obeying small sample size” hypothesis. From the non-para-
metric results, a hypothetical (grouping) model was built up,
whichwas then subjected to the parametric (p-median) analysis
(27). The significance level was set at p � 0.1. All statistical
analyses were performed by Microsoft EXCEL and SAS 8.2
versions.

RESULTS

Recombinant Rhodostomins Specifically Interact with Inte-
grin �IIb�3 Expressed on CHO �IIb�3 Cells—Both integrin �IIb
and �3 genes were co-transfected to CHO K1 cells that con-
tained no endogenous integrin �IIb�3 protein of their own. As
shown in Fig. 1A, the resulting CHO �IIb�3 cells contained the
exogenous proteins on the plasmamembranes when visualized
by immunofluorescence staining. Immunoprecipitation exper-

iments (Fig. 1B) demonstrated that integrin �IIb was present in
the immunocomplexes “pulled down” by the anti-integrin �3
antibody, and vice versa, suggesting that indeed the two sub-
units formed heterodimers in CHO �IIb�3 cells.

When plated a surface coated with the wild-type rhodos-
tomin (Rho-RGD), CHO�IIb�3 cells adhered tightly to the sub-
strate in a dose-dependent manner (closed circles, Fig. 1C). In
contrast, the parental CHOK1 cells adhered poorly to the Rho-
RGD substrate (open circles) and neither did the substrate that
coatedwithmutant rhodostominwhoseRGDdomain had been
changed to RGE (Rho-RGE) support the adhesion of CHO
�IIb�3 cells (data not shown). These results indicated that the
adhesion of CHO �IIb�3 cells to the rhodostomin substrate was
mediated by the interactions between the rhodostomin ligand
and the integrin �IIb�3 proteins. Interesting results were
noticedwhen theCHO�IIb�3 cells were plated on the substrate
coatedwith themutant rhodostominwhose proline (Pro53) had
been changed to asparagine (Rho-P53N) (closed triangles). At
low concentrations (�6.25 �g/ml), the Rho-P53N substrates
supported the adherence of CHO �IIb�3 cells almost equally
good as the wild-type Rho-RGD. Increased coating of Rho-
P53N did not further increase the cell adherence. In fact, at 25
�g/ml, only about half of the cell adhesion was observed in the
Rho-P53N group, compared with Rho-RGD. This finding sug-
gested that certain promoting effects (on cell adhesion) elicited
by the wild type rhodostomin were disrupted by the P53N
mutation, although the initial binding event appeared to remain
intact.

FIGURE 1. Recombinant rhodostomin proteins interact with CHO�IIb�3 cells without the need of prior activation. A, immunofluorescence staining
demonstrates that the exogenously engineered integrin �IIb and integrin �3 proteins are both present on the plasma membranes of CHO �IIb�3 cells. Scale bar,
8 �m. B, the presence of integrin �IIb in the immunoprecipitates of anti-integrin �3, and vice versa, suggests that both subunits form heterodimers in CHO �IIb�3
cells. C, the cell adhesion assay: CHO �IIb�3 cells adhered to Rho-RGD (close circles) and Rho-P53N (close triangles) at different substrate coating concentrations,
but the parental CHO K1 cells (open circles) did not adhere to Rho-RGD at any substrate coating concentration. Each data point represents the mean � S.D. of
triplicate experiments.
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Ineffectiveness of Rho-P53N Mutant in Clustering Integrin
�IIb�3 and Triggering Downstream Signaling—Since the cell
adhesion is regulated initially by ligand-receptor binding and
further enhanced by receptor clustering.We testedwhether the
mutant rhodostomin Rho-P53N was defective in clustering
integrin or in triggering the downstream signaling. As shown in
Fig. 2A, integrin �IIb�3 proteins were evenly distributed on the
cell membrane of a control CHO �IIb�3 cell. After the addition
of soluble Rho-RGD to the cell for 30 min, a patchy integrin
�IIb�3 pattern was revealed under both an epifluorescence
microscope and a confocal microscope. In contrast, treatments
with the Rho-P53Nmutant failed to cause any integrin cluster-
ing ormembrane patch formation. Since integrin clustering has
been shown to trigger the occurrence of downstream tyrosine
phosphorylation (pTyr) of FAK (28), we set up experiments to
examine the level of FAK phosphorylation following various
ligand treatments. As shown in Fig. 2B, treating CHO �IIb�3
cells with FBN caused only little FAK phosphorylation, since
most of the cellular integrin �IIb�3 proteins were not activated
(and therefore could not be clustered). On the other hand,
exposure of the CHO �IIb�3 cells to wild-type Rho-RGD was
enough to cause a very significant increase of FAK phosphoryl-
ation, while treating the same cells with the mutant Rho-P53N
had only a minor effect. These results indicated that mutant
Rho-P53N was less effective than the wild-type Rho-RGD in
clustering integrin �IIb�3 and was unable to trigger the down-
stream signaling processes.
A Typical Ensemble Interaction between Rhodostomin and

Integrin Was Characterized by a Progressive Increase in Total
Binding Force Over Time—In addition to the biochemical
methods, we utilized laser tweezers to measure the binding
strength between the rhodostomin bead and the CHO �IIb�3
cell. As described under “Experimental Procedures,” the bind-
ing force between the bead and the cell could be measured by
either �T or �P assay (Fig. 3A). The �T assay was designed to
quantify the dynamic change of the total binding force over
time. The beads were held to contact with the CHO �IIb�3 cells
for a fixed interaction period; the percentage of the bead (30
measurements for each curve, three repeats) that remained

bound to the cells (or resisted the 21-pN detaching force) was
determined. As shown in Fig. 3B, the percentage of bound bead
progressively increased in the first 50 s of interaction then
reached a plateau (closed circles). There was not significant
binding between Rho-RGE bead and the CHO �IIb�3 cell (open
circles). The binding of Rho-P53N beads (closed triangles)
increasedmuch slower than the wild-type Rho-RGD beads and
never reached plateau even after a 10 min interaction period
(data not shown). Furthermore, neither theRho-RGDbead, nor
the Rho-P53N bead could bind to the parental CHO K1 cells
(data not shown). These control experiments indicated that the
bead-cell interactions studied here were mediated by the rho-
dostomin protein on the bead and the engineered integrin
�IIb�3 on the CHO �IIb�3 cell.
Quantification of the Trapping Force Exerted by the Laser

Tweezers—To perform the �P experiments, we need to first
calibrate the trapping force exerted by the laser tweezers. As
shown in Fig. 3C, we first determined that the output of laser
illumination power was in a stable linear relationship to the
input current and such linear relationship was maintained over
a wide range of current-loading rates (30, 3, and 0.3 mA/s) and
that the illumination output responded almost instantaneously
to the change of the input current.We thenmeasured the actual
trapping force by using the drag force assay (29). From these
calibrations, we determined that the trapping force exerted by
our system could range from 1.5 to 21 pN.When the “trapping
force” (in pN) is plotted as a function of laser current (mA), a
linear relationship with a slope of 0.58 pN/mAwas found (R2 �
0.9812; Fig. 3D). The force was limited by the 100-milliwatt
diode laser employed here.
Two Monovalent Binding Forces Were Derived from the

Ensemble Measurements of the Bead-Cell Interactions Using
Wild-type Rhodostomin—The binding force exerted by a single
Rho-RGD bead and a CHO �IIb�3 cell was determined after a
40-s interaction period by the �P experiment (see Fig. 3A and
“Experimental Procedures”). The histogram of 210 measure-
ments is shown in Fig. 4A. Increase of the interaction period
made the histogram shift to the right, while the decrease of the
interaction period made the pattern shift to the left (data not

FIGURE 2. Ineffectiveness of Rho-P53N in clustering integrin �IIb�3 and phosphorylating FAK. A, CHO �IIb�3 cells were treated with mock solution
(control ), wild-type Rho-RGD, or mutant Rho-P53N proteins and immunostained with anti-�3 antibody. Immunofluorescence results in the three upper panels
were observed with an epifluorescence microscope and in the three lower panels were observed with a confocal microscope. Only exposure to Rho-RGD elicited
a significant integrin �IIb�3 clustering pattern. Scale bar, 8 �m. B, CHO �IIb�3 cells were treated with mock solution (control), FBN, wild-type Rho-RGD, or mutant
Rho-P53N proteins, immunoprecipitated with anti-FAK antibody, and immunoblotted with anti-FAK and anti-phosphorylated tyrosine (pTyr) antibody. Only
exposure to Rho-RGD elicited a significant increase in FAK phosphorylation. Since integrin clustering is prerequisite for FAK phosphorylation, these results
indicate that only Rho-RGD could induce effective clustering of integrin �IIb�3 in CHO �IIb�3 cells.
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shown). Moreover, the histogram pattern suggested a distribu-
tion with several clusters (or groups). To test whether such a
non-randompattern is a feature of the entire data set, or simply
reflected insufficient sampling, we analyzed the data accumu-
lation trend as the sample size increased. As shown in Fig. 4B,
the pattern of cumulative data taken from 25, 50, or 75 meas-
urements were very different. When the measurements
exceeded 100, the cumulative plots appeared to reach a very
significant overlap, indicating that the experimental measure-
ments performed here (n � 210), and the features obtained
from this sampling could well represent the entire data set.
To further analyze the grouping of the histogram, we applied

a series of non-parametric statistical methods to first view the
histogram as a continuous process and then categorized it into
separate groups without making any assumption. As shown in
Fig. 4C, we first performed local regression to smooth the rela-

tionship between the force and the event frequency usingGCV-
Losesmethods. In this test, different curve fittings were applied
using different local regression values, such as rolling averages
of 5, 15, and 25% of the neighboring data (cyan, orange, and
purple curves, respectively). Note that the 5% local regression
plot demonstrated the best fit, which transformed the original
dataset into a series of regular event containing seven peaks
(R2 � 0.745,MSE� 5.48). Similar conclusionsweremade using
GCV-Spline methods. In another approach (minimal fre-
quency selection method), we selected from the raw histogram
what appeared to be least frequent data as compared with its
adjacent data points. When these low frequency data points
were used to segregate the entire histogram data set, we found
again seven separate groups: (4.977, 5.230), (8.011, 8.264,
8.516), (10.033, 10.539), (12.308, 12.561), (14.836, 15.089,
15.342), (17.364, 17.617), and (20.398). The same kind of group-

FIGURE 3. Calibrations and applications of laser tweezers. A, the binding force measurements are performed by either the �T or �P method (see
“Experimental Procedures.” B, �T mode force measurement. Rho-RGD coated beads (close circles) reach binding plateau within 50 s of bead-CHO �IIb�3
cell interaction. Rho-P53N-coated beads exhibited a much slower increase binding interaction with CHO �IIb�3 cell (close triangles). There was no
binding between Rho-RGE coated beads and parental CHO �IIb�3 cells (open circles). Thirty measurements were done for each curve and the mean � S.D.
for each is shown (three repeats). C, calibration of laser illumination power by input current. Note the linear relationship between 21 and 100 mA input
current was maintained over a wide range of current-loading rates (from 0.3, 3, to 30 mA/s). Ten experiments were done for each data point and the
mean � S.D. for each is shown. D, calibration of trapping force by laser illumination current. Five separate experiments were done. A linear relationship
with a slope of 0.58 pN/mA was found (R2 � 0.9812).
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ing was made if the maximal frequency selection method was
applied.
Based on such non-parametric analyses, 7 sectors could be

identified (as alternative shadings in Fig. 4C). The mean and
S.D. of the data points within each sector were then calculated.
They were (in pN): 2.486 � 0.850, 6.368 � 0.668, 10.784 �
0.851, 13.730� 0.561, 16.587� 0.510, 19.302� 0.624, 21.294�
0.327; these values were plotted as a function of numbers of
molecular pairs involved in the binding (n, n�1, n�2, n�3 etc.;
Fig. 4D). Note that the very similar s.d. values and durations (i.e.
the differences between means of neighboring sectors, which
were averaged 3.15 pN), were consistent with the notion that
there was a unit binding force present in the system. Using the
Willcoxon rank sum test, we further noticed that the mean �
S.D. values shown in Fig. 4D could be best separated into two
groups (red line at R2 � 0.9986 and blue lines at R2 � 0.9937,
p � 0.0542). The first three durations were separated by a unit
of 4.15 pN and last four durations by a unit of 2.54 pN.

We then performed the parametric analyses using partition
around medoids (also known as p-median methods (27)) to
identify the clustering sectors. Random grouping was first set
with each group represented by the center point. The quality of
clustering was indicated by the sum of the distance between the
center point and another closest center. The solution to the
p-median problem is to set the p center so the total distance
could be minimized. We implemented a dynamic computer
program to solve the p-median problem using p values from 2
to 15. The results revealed that p � 7 was a sensible choice,
since the reduction in the total distance by adding one more
clustering group (p � 8) was not significant. The means of the
seven sectors grouped by the p-median method were (in pN):
2.234, 3.731, 6.328, 10.784, 13.730, 16.678, and 20.236. There
was again a large duration (4.01 pN) across the first threemeans
and a small duration (2.50 pN) across the last four means; these
durations were comparable with those obtained by the non-
parametric methods described above (4.15 and 2.54 pN).

FIGURE 4. Two monovalent ligand-binding forces are derived from Rho-RGD bead-CHO�IIb�3 cell interactions. A, the histogram plot shows the fre-
quency of events as a function of binding force. n � 210 measurements. B, the data cumulative plot demonstrates increased similarity in the trend of data
accumulation as the sample sizes increase (from 25, 50, 75, 100, 125, to 210 measurements, color-coded lines). More than 100 measurements are considered
representative of the data set. C, non-parametric analyses using GCV-Loses method. The original data points shown in Fig. 3A are presented as filled squares,
together with the resulting 5% local regression curve are shown (cyan line, R2 � 0.745, MSE � 5.48). Local regressions based on 15% (orange line) and 25%
(purple line) neighboring data are also shown. From the non-parametric analyses, the histogram data series are grouped into seven sectors (alternately shaded
areas). D, mean � S.D. within each sector was calculated and plotted as a function of numbers of interacting molecular pairs. Based on Willcoxon rank sum test,
two sets of durations (blue and red lines) could be identified (p � 0.1).
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Only One Monovalent Binding Force Was Derived from the
EnsembleMeasurements of the Bead-Cell InteractionsUsing the
P53N Rhodostomin Mutant—Similar experiments and statisti-
cal procedures were applied to analyze the binding force histo-
gram obtained from the interactions of the Rho-P53N bead and
the CHO �IIb�3 cell (Fig. 5). Since the binding of Rho-P53N to
integrin �IIb�3 was much weaker than Rho-RGD, the bead-cell
interaction period was extended to 80 s, as compared with 40 s
used in the wild-type rhodostomin (Rho-RGD) experiments. A
total of 176 measurements were made and their histogram is
shown in Fig. 5A. The data accumulation pattern suggested that
such a sampling size was enough to represent the entire data set
(Fig. 5B). The GCV-Loses smooth plot supported the use of 5%
local regression curve (cyan curve) withR2� 0.654,MSE� 5.73
(Fig. 5C) and led to the grouping into 12 sectors (alternative
shadings in Fig. 5C). In Fig. 5D, the plot of mean � S.D.
values revealed only one single duration of 1.81 pN. Subse-
quent parametric p-median analyses reached a similar con-
clusion of a 12-sector grouping and the presence of a single
duration of 1.77 pN.

DISCUSSION

The increase in monovalent ligand binding by an integrin
heterodimer during the activation phase is well documented; it
is less clear if and how further modulations of ligand binding
take place during the receptor clustering phase (30, 31). One of
the most striking findings of this report is the identification
of two different “monovalent binding forces” during the rho-
dostomin-induced clustering of the integrin �IIb�3 receptors.
From the results shown in Fig. 4D, it appears that the high
monovalent binding force (4.15 pN) is likely associatedwith the
interaction that involves a lower number of molecular pairs,
while the low monovalent binding force (2.54 pN) is derived
from data involving more molecular pairs. These results sug-
gest strongly that the activated integrin receptor exhibits high
binding strength at the initial or early phase of interaction with
the ligand. When more ligand-receptor pairs participate in
such interaction, as may occur during the receptor-clustering
phase, the total binding effectively increases (due to the polyva-
lence), while the monovalent binding force contributed by the

FIGURE 5. Only one monovalent binding force was derived from Rho-P53N bead-CHO�IIb�3 cell interactions. A, the histogram plot showing the fre-
quency of events as a function of binding force; n � 176 measurements. B, cumulative data plot indicates that �100 measurements are adequate to represent
the data set. C, non-parametric analysis of the histogram data series using GCV-Loses method. Original data points shown in Fig. 4A are presented as filled
squares together with the resulting 5% local regression curve are shown (cyan line, R2 � 0.654, MSE � 5.73). Local regression curves based on 15% (orange line)
and 25% (purple line) neighboring data are also shown. These data series can be grouped into 12 sectors (alternately shaded areas). D, mean � S.D. within each
sector is calculated and plotted as a function of numbers of interacting molecular pairs. Based on Willcoxon rank sum test, there is only one duration.
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individual ligand-receptor pair actually decreases. Of course
this conclusion is an inference based on the current experimen-
tal data. Further independent measures of the unit binding
force are needed.
The rhodostomin-coating procedures employed here

allowed a very low density of ligand on the bead surface such
that only a few ligand-receptor interactionswere actuallymeas-
ured. In the experiments shown in Figs. 4 and 5, there were
originally�2,000measurement attempts; however, only�10%
of them (210 in Fig. 4 and 176 in Fig. 5) are “informative,” while
the majority of the beads either fail to bind to the cell or only
exhibit �1.5 pN binding strength (the minimal reliable trap-
ping force exerted by our laser tweezers) and were not included
in the statistic analysis. We believe that to limit the number of
interacting pairs being quantified are essential for deriving the
monovalent binding force from the ensemble measurements,
otherwise the force distribution histogram would become too
complicated to analyze. When the bead-cell interaction time
increases, the force distribution (as the one shown in Fig. 4A or
5A) significantly shifts to the right, while decrease of the inter-
action timemakes the pattern shift to the left (data not shown).
The binding strength and the function to trigger downstream

signaling are very different between the wild-type rhodostomin
and the Rho-P53N mutant. It takes twice as much interaction
time to obtain the force distribution histogram shown in Fig. 5
than the wild-type rhodostomin shown in Fig. 4. Rho-RGD can
support adhesion of CHO �IIb�3 cells and form large integrin
patch when add to the medium. It could also effectively trigger
tyrosine phosphorylation of FAK. On the other hand, the Rho-
P53N mutant supports only basic cell adhesion function but
never reach the same level of cell adhesion potency as the wild-
type protein. Soluble Rho-P53N causes no integrin clustering
or patch formation and does not elicit FAK phosphorylation
(Figs. 1 and 2). The total binding strength between Rho-P53N
and integrin �IIb�3 increases in a much slower rate and never
reaches the plateau as the wild-type rhodostomin (Fig. 3B). To
link these differences in functions to their difference in possess-
ing two or one monovalent binding unit, we reason that Rho-
P53N (and maybe other mutations surrounding the RGD inte-
grin-binding motif) may lose the ability to further strengthen
the binding between the ligand-receptor pair or to effectively
trigger downstream events of integrin signaling.
The presence of two monovalent binding forces is not due

to the involvement of the other endogenous integrin het-
erodimers of the CHO �IIb�3 cells or nonspecific binding force,
since neither Rho-RGD nor Rho-P53N exhibits any binding
interactionwith the parental CHOK1 cell. It is unlikely that the
rupture force measured in our system resulted from the sepa-
ration of ligands from the polystyrene beads, because the non-
specific adsorption force between proteins and the polystyrene
bead is greater than 100 pN, which is several orders of magni-
tude greater than monovalent binding force derived here (32,
33). We have also carefully ruled out the possibility that mem-
brane tether formation takes place in our measurements (data
not shown).
The monovalent binding force derived here are comparable

with previous data using micropipette method (34) to measure
FBN-integrin �IIb�3 binding, which reported a unit binding

force of 2.1 pN for antibody-activated integrin �IIb�3 and 0.57
pN for the inactivated integrin. In another series of study using
laser tweezers with a force loading rate of 200 pN/s, Arya et al.
(35) demonstrated a unit force between FBN and integrin
�IIb�3 to be 2.4 pN for inactivated integrin and 6.3 pN for the
MnCl2-activated integrin. Note that the unit binding force
derived from these measurements ((34) (35) and this study) are
much smaller than the single FBN-integrin �IIb�3 bond
strength reported by Litvinov et al. (80 � 100 pN; Ref. 36). The
difference may result from the different types of cell models
(CHO cell versus platelets), different force loading rates (�200
pN/s versus 20,000 pN/s), as well as the possible involvement of
membrane tether.
Taken together, we propose the followingmechanisms when

a ligand encounters an activated integrin. An activated integrin
binds tightly to the ligand; such high affinity is essential to ini-
tiate the interaction with the ligand. Subsequent clustering of
the receptors then enables the polyvalent binding.Although the
total binding strength increases over time (due mainly to the
recruitment of more interacting molecular pairs), the monova-
lent binding contributed by individual molecular pair actually
decreases. In support of this model, recent evidence has
revealed two conformations that are adopted by activated inte-
grin �IIb�3 in CHO cells (3). The high affinity form initiated
platelet function but is energy unfavorable. Platelet cells solve
this energy hurdle by adopting the low affinity or energy favor-
able form during the later (clustering) phase of the ligand-re-
ceptor interaction (37). The nature of the underlying observed
stepped reduction of monovalent binding force is currently
unknown but could be due to further conformational changes
of the integrin (38), signaling complex formation, the interac-
tions with the cytoskeleton (39–41), or the combination of all.
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