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P-selectin expressed on activated platelets and vascu-
lar endothelium mediates adhesive interactions to poly-
morphonuclear leukocytes (PMNs) and colon carcino-
mas critical to the processes of inflammation and blood-
borne metastasis, respectively. How the overall
adhesiveness (i.e. the avidity) of receptor/ligand inter-
actions is controlled by the affinity of the individual
receptors to single ligands is not well understood. Using
single molecule force spectroscopy, we probed in situ
both the tensile strength and off-rate of single P-selectin
molecules binding to single ligands on intact human
PMNs and metastatic colon carcinomas and compared
them to the overall avidity of these cells for P-selectin
substrates. The use of intact cells rather than purified
proteins ensures the proper orientation and preserves
post-translational modifications of the P-selectin li-
gands. The P-selectin/PSGL-1 interaction on PMNs was
able to withstand forces up to 175 pN and had an un-
stressed off-rate of 0.20 s�1. The tensile strength of P-
selectin binding to a novel O-linked, sialylated protease-
sensitive ligand on LS174T colon carcinomas
approached 125 pN, whereas the unstressed off-rate was
2.78 s�1. Monte Carlo simulations of receptor/ligand
bond rupture under constant loading rate for both P-
selectin/PSGL-1 and P-selectin/LS174T ligand binding
give distributions and mean rupture forces that are in
accord with experimental data. The pronounced differ-
ences in the affinity for P-selectin/ligand binding pro-
vide a mechanistic basis for the differential abilities of
PMNs and carcinomas to roll on P-selectin substrates
under blood flow conditions and underline the re-
quirement for single molecule affinity measurements.

Cellular adhesion mediated by biological macromolecules
and their respective ligands plays an essential role in a number
of diverse biological phenomena including inflammation and
cancer metastasis. Leukocyte recruitment to sites of infection is
regulated by highly specific receptor/ligand interactions that
allow leukocytes to first tether and roll on activated endothe-
lium under hydrodynamic shear and then firmly adhere prior
to extravazation into the tissue space. These stages are medi-
ated via three distinct classes of adhesion molecules: the selec-

tins, integrins, and immunoglobulins (1–3). Accumulating evi-
dence suggests that tumor cell arrest in the microcirculation is
also mediated through receptor/ligand interactions between
tumor cells and the vascular endothelium in a manner analo-
gous to leukocyte recruitment (4–6). Both processes involve
highly regulated molecular events that rely on the local circu-
latory hemodynamics and the mechanical and kinetic proper-
ties of participating adhesive molecular groups, which have yet
to be characterized at the single molecule level.

The involvement of P-selectin is critical within immune sys-
tem functioning. P-selectin, a cell-surface glycoprotein ex-
pressed on activated endothelial cells and platelets, supports
leukocyte tethering and rolling in response to inflammatory
signals by interacting with its counter-receptor, P-selectin gly-
coprotein ligand-1 (PSGL-1),1 located on leukocyte microvilli
(7). Recently, specific P-selectin-tumor cell interactions have
been revealed providing direct evidence of its participation in
metastasis as well. The most compelling evidence for the role of
P-selectin in the metastatic process is the pronounced inhibi-
tion of metastasis in P-selectin-deficient mice compared with
wild-type controls in a colon carcinoma cell model (8, 9). Sev-
eral lines of evidence suggest that the P-selectin ligands on a
variety of tumor cell lines are sialylated molecules distinct from
PSGL-1 (10–12). Along these lines, enzymatic removal of these
PSGL-1 distinct P-selectin ligands from the carcinomas results
in a marked reduction of experimental metastasis (9).

Biophysical parameters of P-selectin/ligand binding have
previously been obtained by quantifying leukocyte tethering
duration (13, 14) and rolling velocity (15) on purified P-selectin
substrates. These techniques may not effectively differentiate
avidity from the affinity of a single receptor/ligand pair and,
most importantly, rely on broad assumptions to estimate the
forces on receptor/ligand bonds. Previous single molecule work
on the characterization of P-selectin/PSGL-1 binding was per-
formed using purified adhesion molecules rather than intact
target cells (16). However, subtle differences between native
and recombinant forms of PSGL-1 (17) can impact biophysical
measurements. Here we employ single molecule force spectros-
copy to probe the tensile strength and unstressed off-rate of
P-selectin/PSGL-1 binding on intact human polymorphonu-
clear leukocytes (PMNs), a technique that preserves the orien-
tation and post-translational modifications of PSGL-1. This
methodology was extended to characterize P-selectin/ligand
binding on intact metastatic colon carcinoma cells. Macroscopic
studies performed using a parallel-plate flow chamber reveal
that PSGL-1-mediated PMN recruitment to P-selectin sub-
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strates is more efficient than tumor cell-P-selectin interactions
under dynamic flow conditions and results in stable versus
transient rolling interactions (10–12). Therefore, we aimed to
provide a mechanistic interpretation at the molecular level for
the differential abilities of PMNs and tumor cells to roll on
P-selectin by evaluating and comparing the affinity of single
P-selectin/ligand bonds. The LS174T human colon adenocarci-
noma cell line was chosen as a model because it has been used
in a number of diverse assays ranging from characterization of
surface adhesion molecules to cell-substrate and cell-cell inter-
action studies (5, 10, 18, 19). Finally, using highly specific
enzymes and glycoconjugate biosynthesis inhibitors, we have
characterized the biochemical nature of the putative P-selectin
ligand on LS174T colon carcinomas.

MATERIALS AND METHODS

Reagents—The chimeric form of P-selectin-IgG Fc (P-selectin) con-
sisting of the lectin, epidermal growth factor, and nine consensus repeat
domains for human P-selectin linked to each arm of human IgG1 was a
generous gift from Dr. Ray Camphausen of Wyeth External Research
(Cambridge, MA) (20). All of the other reagents were purchased from
Sigma unless otherwise stated.

Cell Culture—LS174T human colon adenocarcinoma cells were ob-
tained from the American Type Culture Collection (Manassas, VA) and
cultured in the recommended medium. Cells were detached from cul-
ture flasks using 0.25% trypsin, EDTA for 2 min at 37 °C (5, 10, 21, 22).
For force spectroscopy experiments, 20 �l of 1 � 107 cells/ml LS174T
cell suspension was layered on 35-mm tissue culture dishes and subse-
quently incubated overnight at 37 °C to allow adhesion to the culture
dish and regeneration of surface glycoproteins (5, 10). This procedure
resulted in �20% cellular confluency as assessed by phase-contrast
microscopy. Prior to use in force spectroscopy experiments, non-adher-
ent LS174T cells were removed by gentle rinsing with D-PBS, and the
standard medium was replaced with serum-free medium containing
Hank’s salts, which help to stabilize the pH outside of the 5% CO2

environment of an incubator. In flow-based adhesion assays, the
trypsinized LS174T cell suspension was incubated for 2 h at 37 °C to
regenerate surface glycoproteins and was used immediately thereafter
(5, 10, 21, 22).

Cell Treatments—In selected experiments, LS174T cell suspensions
were incubated for 30 min at 37 °C with 20 �g/ml trypsin to cleave cell
surface glycoproteins (21) and washed once before use in flow-based
assays. For metabolic inhibitor studies, LS174T cells were cultured for
48 h at 37 °C in medium containing either 2 mM benzyl-2-acetamido-2-
deoxy-�-D-galactopyranoside (benzyl-GalNAc) to inhibit O-linked glyco-
sylation (21) or 1 mM deoxymannojirimycin (DMJ) to disrupt N-linked
processing (21), or for 96 h, LS174T cells were cultured with 5 �M

D,L-threo-1-phenyl-2-amino3-morpholino-1-propanol hydrochloride
(threo-PPPP, Matreya, Inc., State College, PA), which blocks the trans-
fer of UDP-glucose to ceramide, thereby blocking the synthesis of gly-
cosphingolipids having a glucosylceramide core (21). Treated LS174T
cells were washed twice before use in experiments, and cell viability
was consistently �97% as detected by the trypan blue exclusion assay.

PMN Isolation and Monolayer—Human PMNs were isolated from
citrate phosphate dextrose-anticoagulated venous blood of healthy vol-
unteers as described previously (21, 22), resuspended at 1 � 106 cells/ml
in Ca2�/Mg2�-free D-PBS (0.1% BSA), and stored at 4 °C for no more
than 3 h before use in all experiments. To immobilize PMNs, 200 �l of
the isolated PMN cell suspension was allowed to incubate on a 35-mm
tissue culture dish for 5 min at RT (23). To prevent further activation,
a 1% formalin-D-PBS solution was added to the cell culture dish and
maintained at RT for 10 min (23). The PMN monolayer was rinsed and
refilled with D-PBS containing Ca2�/Mg2�. This procedure resulted in a
PMN monolayer of �40% confluency.

Cantilever Functionalization—To provide a surface that readily
binds soluble proteins, molecular force probe (MFP) cantilevers (TM
Microscopes, Sunnyvale, CA) were silanized with 2% 3-aminopropyltri-
ethoxysilane (10). The cantilevers were then incubated in a 3.3-�g/ml
solution of anti-human IgG Fc mAb in D-PBS containing 50-fold molar
excess of the cross-linker bis(sulfosuccinimidyl) suberate (BS3, Pierce)
for 30 min followed by quenching with Tris buffer. Cantilevers were
subsequently incubated with dilute P-selectin-IgG Fc chimera protein
in D-PBS for 2 h at RT followed by immersion in 1% BSA to block
nonspecific interactions. Binding the IgG Fc portion of the P-selectin
chimera to the immobilized anti-IgG Fc mAb on the cantilever main-

tains its proper functional orientation. Concentrations of the anti-hu-
man IgG Fc and P-selectin chimera solutions were optimized to result in
a low percentage of binding events during force spectroscopy experi-
ments (�30 binding events/100 cell contacts). 1.8 and 3.0 �g/ml P-
selectin-IgG Fc solutions were used for PMN and LS174T cell experi-
ments, respectively.

Single Molecule Force Spectroscopy—Experiments were conducted
using an MFP (Asylum Research Inc., Santa Barbara, CA). Two trian-
gular-shaped cantilevers with nominal spring constants of 10 and 40
picoNewton/nm were calibrated using thermal noise amplitude, and
their deflection was measured by laser reflection onto a split photode-
tector. Measurements were carried out using serum-free medium for
the LS174T cells or D-PBS containing Ca2�/Mg2� for PMNs. The 35-mm
culture dish containing the adherent cellular monolayer immersed in
either medium or D-PBS was placed on the MFP stage and positioned so
that the cantilever was directly above a single cell. The distance be-
tween the cantilever and the cell was adjusted so that each approach
cycle resulted in a slight depression force on the cell before reproach.
The reproach velocity was varied from 0.5 to 30 �m/s, and the dwell
time between the cantilever and the cell was set to 0.001 s to minimize
the occurrence of multiple events (24). Rupture forces were derived from
force versus distance traces using IgorPro 3.11 software (Wavemetrics,
Inc., Lake Oswego, OR). Histograms representing �350 approach/re-
proach cycles were compiled for each reproach velocity, and the mean
rupture force of a P-selectin/ligand interaction was evaluated. Prior
work has shown that the mean and the mode of the rupture force
approach one another over the higher loading rate regime, and the
mean can accurately be used to estimate Bell model parameters (25).

Flow Cytometry—Expression levels of the P-selectin ligand on
LS174T cells and human PMNs were quantified by indirect single color
immunofluorescence and flow cytometry. To this end, P-selectin chi-
mera solution was preincubated with fluorescein isothiocyanate-labeled
goat anti-human IgG Fc mAb for 1 h at RT before incubation of the
mixture with either LS174T or PMN cell suspensions at 1 � 106 cells/ml
in D-PBS, 0.1% BSA (8). After incubation at 4 °C for 1 h, cells were
washed with D-PBS and then fixed using 2% formalin (v/v) (8). Cells
were washed again and resuspended in D-PBS containing 0.1% BSA.
Background levels were determined by incubating with conjugated
protein in the presence of 30 mM EDTA (8).

Flow-based Adhesion Assays—P-selectin-coated surfaces were pre-
pared by incubating 1–4 �g/ml anti-human IgG Fc mAb in D-PBS on
untreated 35-mm polystyrene culture dishes overnight at 4 °C. Equally
diluted solutions of P-selectin-IgG Fc protein were then layered on the
dish and allowed to incubate for 2 h at RT before rinsing with D-PBS
and blocking with 1% BSA for 2 h (10). Suspensions of either LS174T
cells or PMNs at a final concentration of 1 � 106 cells/ml were perfused
over the P-selectin-coated dishes using a parallel-plate flow chamber
(250-�m-channel depth, 5.0-mm-channel width) for 3 min at 37 °C (26).
Rolling velocities were computed as the distance traveled by the cen-
troid of the translating cell divided by the time interval (10, 26).

Statistical Analysis—Data are expressed as the mean � S.E. for at
least three independent experiments. Statistical significance of differ-
ences between the means was determined by ANOVA. Whether the
means were shown to be significantly different (p � 0.05), multiple
comparisons were performed by the Tukey test.

RESULTS

Single Molecule Force Spectroscopy Measurements—An MFP
was used to determine the tensile strength and unstressed
off-rate of P-selectin binding to its ligands on intact human
PMNs and LS174T colon carcinomas at the single molecule
level. To this end, force-distance traces (Fig. 2a) were gener-
ated by lowering the P-selectin-functionalized cantilever to the
immobilized cellular monolayer (Fig. 1), maintaining P-selec-
tin/cell contact for a set period of time (0.001 s) to allow estab-
lishment of receptor/ligand binding and subsequently retract-
ing the cantilever from the cell surface at a constant prescribed
velocity. Upon retraction of the cantilever, the force was re-
corded as a function of the vertical displacement until dissoci-
ation of P-selectin/ligand bonds occurred (Fig. 2a). Under the
conditions of this study, receptor/ligand unbinding at any given
reproach velocity predominantly involved single rather than
multiple steps (24) as shown in the representative force-dis-
tance trace. Additionally, rupture force histograms at a given
reproach velocity always indicated a single peak distribution
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for both LS174T cell and PMN experiments (Fig. 2b), suggest-
ing the rupture of a single P-selectin/ligand complex (24). A
single peak distribution also indicates that nonspecific interac-
tions did not play a significant role in these measurements.

To ensure that most binding events were mediated by a
single receptor/ligand pair, a low frequency of binding events
(an average of 30 per 100 contacts) was achieved by decorating
cantilevers with sufficiently dilute P-selectin chimera solu-
tions. The concentration of P-selectin on the cantilever was
greater for the LS174T cell (3 �g/ml) versus PMN (1.8 �g/ml)
experiments, a result of the differing expression levels of P-
selectin ligands on the cell surfaces (Table I). The percentage of
binding events in this study ranged from 18 to 40% with 30%
being the targeted average value for both PMN and LS174T
cells. Based on Poisson distribution statistics, when 30% of
cantilever to cell contacts lead to P-selectin/ligand binding, 83%
of those successful adhesions are probably because of a single
bond (Nb � 1) (25, 27). Moreover, statistics predict that there
will be 15% double bonds (Nb � 2) and �3% will have Nb of �2.

Two different control experiments were performed to dem-
onstrate the specificity of P-selectin/ligand binding. First, the
addition of EDTA to the tissue culture dish at a final concen-
tration of 0.5 mM consistently abrogated binding (Fig. 2a), a
finding that is in accord with the calcium dependence of selec-
tin/ligand binding (7, 10). Second, incubating the P-selectin-
coated cantilever with a function-blocking anti-P-selectin mAb
AK4 (50 �g/ml, BD Biosciences) drastically reduced the fre-
quency of binding events from �30% to �5% (Fig. 2a), an
observation that is consistent with other receptor/ligand meas-
urements at the single molecule level blocked by mAbs (25, 28).
These observations were valid for both LS174T and PMN cells.

Calculation of Bell Model Parameters and Monte Carlo Anal-
ysis—To construct a plot of rupture force versus loading rate,
rupture forces and corresponding loading rates for hundreds of
events were tabulated off-line and compiled into histograms for
each reproach velocity and mean rupture forces were calcu-
lated (25). Histograms from a representative P-selectin/
PSGL-1 experiment over a range of reproach velocities are
presented in Fig. 2b. The loading rate (pN/s) for each reproach

velocity was determined by first evaluating the slope of the
force versus distance trace just before each rupture event (Fig.
2a) and multiplying this number (pN/�m) by the reproach
velocity (�m/s). The Bell model parameters, namely the un-
stressed off-rate koff

° , and the separation distance along the
reaction coordinate x� were tabulated (Table II) by a least
squares fit to the linear region of the rupture force versus
logarithm of loading rate and extrapolating to zero force (Fig.
3a) (25, 29, 30). At some lower limit of the loading rate, the
force versus logarithm of loading rate plot begins to deviate

FIG. 1. MFP schematic indicating the use of intact cells to
measure in situ cellular adhesion forces. The cantilever was posi-
tioned directly above a cell and was allowed to approach until it touched
and slightly deformed the cell membrane before reproaching at a set
velocity. This approach/reproach cycle was repeated hundreds of times
to obtain a statistically significant value for the P-selectin/ligand rup-
ture force at that velocity.

FIG. 2. a, force versus vertical displacement traces taken from an
experiment using LS174T colon carcinomas in the absence (I) and
presence of either EDTA (II) or blocking anti-P-selectin mAb (III). b,
histograms of P-selectin to PSGL-1 binding on human PMNs at six
different reproach velocities representing at least 300 cell contacts at
each velocity.

TABLE I
Expression levels of P-selection ligands and average rolling velocities

of PMNs and LS174T colon carcinomas on P-selectin substrates
Geometric mean fluorescence intensities are biven for PMNs and

LS174T colon carcinomas with background levels in parenthesis (n � 4)
as assessed by indirect immunofluorescence coupled with flow cytom-
etry. Rolling velocites of PMNs and LS174T colon carcinomas perfused
over P-selectin substrates at a wall shear stress of 1 dyne/cm2. Values
are the mean of 15–20 cells.

Geometric mean
fluorescence

Rolling
velocity

�m/s

PMN 830 � 45 (7.0 � 1.8) 8.0 � 0.7
LS174T 280 � 10 (6.3 � 1.0) 110 � 8.8
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from linearity or develop another linear region (25, 31). This
phenomenon may indicate a change of unbinding mechanism
and transition states at lower loading rates (29), but predict-
ably the curve should approach the origin as zero loading rate
provides zero force. This lower limit of linearity was reached at
�100 pN/s for P-selectin to PSGL-1 and 200 pN/s for P-selectin
to the ligand on LS175T cells (Fig. 3a). Table II gives the values
for koff

° and x� for both cell types over the higher loading rate
regions. As can be seen, the unstressed off-rate is dramatically
higher for P-selectin/LS174T ligand (2.78 s�1) than for P-selec-
tin/PSGL-1 (0.20 s�1), whereas the values for x� are similar.

To validate the accuracy of the calculated Bell model param-
eters, the experimental data were modeled over the entire
range of loading rates by using the probability density function
for bond rupture (25, 31) as shown in Equation 1,

p	t, f
 � koff
° exp�x� rf t

kbT
� exp��

koff
° kbT

rf
�exp�x� rf t

kbT
�� 1�� (Eq. 1)

where p(t, f) is the probability of bond rupture at time t, rf is the
loading rate, kb is the Boltzmann’s constant, and T is the
absolute temperature. The mean rupture force, �fb�, from this
distribution (25, 31) is given by Equation 2.

fb �
kbT
x�

exp�koff
° kbT
x� rf

��
1

�

exp�koff
° kbT
x� rf

t�
t

dt (Eq. 2)

The Bell model parameters, koff
° and x�, were estimated by a

non-linear least squares fit of the above equation to the exper-
imental data over the entire range of loading rates (Fig. 3a). As
shown in Table II, the values of Bell model parameters ob-
tained by the non-linear fit are in good agreement with those
obtained by the linear fit of rupture force versus logarithm of
loading rate over the high loading rates regime.

To further validate the agreement of our data with the Bell
model, Monte Carlo simulations of receptor/ligand bond rup-
ture under constant loading rates were performed. Given a koff

°

and x� in each simulation, we calculated the rupture force
(Frup � rf � n�t) for which the probability of bond rupture Prup

is greater than Pran, a random number between zero and one,

Prup � 1 � exp�koff
° exp�x� rf n�t

kbT
��t� (Eq. 3)

where �t is the interval and n�t is the time step. The distribu-
tions and means of rupture forces obtained in our experiments
are in accord with these simulations as shown for a represent-
ative experimental condition and Monte Carlo simulations for
P-selectin/PSGL-1 binding at a retract velocity of 25 �m/s
(Fig. 3b).

Taken together, our data indicate that the tensile strength of
P-selectin binding to its ligand on LS174T colon carcinoma is
significantly lower than that of P-selectin/PSGL-1 binding at
any given loading rate (Fig. 3a). The differences in their re-
spective tensile strengths as well as the unstressed off-rates
and ligand densities provide a mechanistic basis for the differ-
ential rolling behavior of LS174T colon carcinomas and PMNs
on P-selectin substrates observed in flow-chamber experiments
(Table I).

Biochemical Characterization of P-selectin Ligands on
LS174T Colon Carcinomas—We have recently shown that the
P-selectin ligand on LS174T colon carcinomas is a novel sialy-
lated molecule functionally distinct from the previously identi-
fied P-selectin ligands PSGL-1, glycoprotein Ib/IX, and CD24
(10). Further experiments on the biochemical nature of the
target ligand on LS174T cells reveal that it is a protease-
sensitive glycoprotein rather than a glycosphingolipid (Fig. 4a).
This was demonstrated by the marked inhibition of trypsin-
treated LS174T cells to tether to purified P-selectin as opposed
to cells cultured in the presence of a glycosphingolipid biosyn-
thesis inhibitor threo-PPPP (21), which retained their ability to
bind to P-selectin underflow (Fig. 4a).

We next examined whether critical P-selectin binding deter-
minants on LS174T colon carcinoma cells are presented on
O-linked and/or N-linked glycans. To this end, LS174T cells
were cultured in the presence of either benzyl-GalNAc known
to inhibit O-linked glycosylation or DMJ (which disrupts N-
linked processing) before use in adhesion assays. The results
indicated that LS174T cell tethering to P-selectin-coated sur-
faces was drastically inhibited by benzyl-GalNAc but not by
DMJ (Fig. 4a). Similar results were obtained using single mol-
ecule force spectroscopy. More specifically, the treatment of

TABLE II
Bell model parameters for P-selectin/PSGL-1 and P-selectin/LS174T

cell interactions

P-selectin
ligand

Range, loading
rate x� koff

°

pN/s nm s�1

PSGL-1 100–10,000 0.14 0.20
LS174T 200–5000 0.13 2.78
PSGL-1 All 0.12 0.19
LS174T All 0.09 2.96

FIG. 3. a, molecular force versus loading rate for P-selectin binding to
PMN/LS174T cells. The data shown comprise at least five independent
experiments for each cell type conducted on separate days to validate
reproducibility. The superimposed solid line indicates the non-linear
least squares fit over the entire range of experimental loading rates
found from the probability density function for bond rupture and cor-
responding Bell model parameters. b, Monte Carlo simulation for P-
selectin/PSGL-1 binding at a reproach velocity of 25 �m/s.
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LS174T cells with benzyl-GalNAc reduced the frequency of
binding from 32 to �8%, whereas DMJ impacted neither the
force distribution nor the frequency of events (Fig. 4b). Collec-
tively, these data reveal that the P-selectin ligand is a novel
O-linked, sialylated protease-sensitive structure and does not
require N-glycans for binding.

The interaction of PSGL-1 with the actin cytoskeleton is
known to regulate the strength of leukocyte adhesion to P-
selectin as evidenced by increased resistance to shear-induced
detachment forces upon PMN treatment with cytochalasin B, a
compound that caps the growing end of actin filament (32).
Therefore, we wished to examine whether P-selectin-mediated
LS174T binding is also dependent on actin cytoskeleton. How-
ever, the treatment of LS174T cells with cytochalasin B af-
fected neither the extent nor the pattern of cell tethering to
immobilized P-selectin chimera at a wall shear stress of 1
dyne/cm2 (data not shown). Furthermore, latrunculin A (1 �M),
a compound that prevents actin polymerization by irreversibly
binding to actin monomers (33), failed to affect P-selectin-
mediated LS174T cell adhesion (data not shown), although it
nearly abrogated PMN binding to P-selectin under flow (control
samples (156 � 15 tethered PMNs/mm2) versus lantriculin-

treated samples (7 � 1 PMNs/mm2)). Cumulatively, these data
provide evidence for the absence of actin cytoskeleton involve-
ment in the regulation of P-selectin/LS174T P-selectin ligand
interactions unlike P-selectin/PSGL-1 (32).

DISCUSSION

Using single molecule force spectroscopy, we measured the
biophysical parameters of P-selectin binding to ligands on intact
LS174T colon carcinomas and PMNs at a single molecule reso-
lution. By carefully controlling the concentration and orientation
of immobilized P-selectin chimeras on the surface of an MFP
cantilever and regulating its contact time and depression force on
the immobilized cells, we evaluated the affinity of single P-
selectin/ligand interactions under conditions that preserve all
appropriate post-translational ligand modifications. In this
study, we determined that the tensile strength of P-selectin/
PSGL-1 binding is substantially greater than P-selectin/LS174T
P-selectin ligand binding for all loading rates. Additionally, the
unstressed off-rate for P-selectin/PSGL-1 (0.20 s�1) was signifi-
cantly different from the value for P-selectin/ligand on LS174T
cells (2.78 s�1). Thus, the differential avidity of PMNs and
LS174T colon carcinomas for P-selectin substrates as assessed by
rolling assays is attributed in part to intrinsic differences in
receptor/ligand binding affinity as well as varying densities of
ligands on their respective cell surfaces.

The kinetics of P-selectin to PSGL-1 binding has previously
been studied by several different techniques including neutro-
phil tethering lifetime as assessed in flow-chamber experi-
ments (13, 14, 34), plasmon resonance (35), and atomic force
microscopy (16). To extract the biophysical parameters (tensile
strength and unstressed off-rate) from neutrophil tethering
measurements, several assumptions are required. First, the
rolling cell is assumed to be a rigid sphere decorated with
immobile adhesion molecules. However, leukocytes are covered
with deformable microvilli where cellular adhesion molecules
are concentrated, and experiments confirm that their rolling
velocity over P-selectin substrates is greatly influenced by the
processes of microvilli elongation and cytoskeletal rearrange-
ment (15). Additionally, the applied force on a receptor/ligand
bond is estimated from the wall shear stress and approximate
geometric relationships (13, 15), because the actual force ex-
erted on the receptor/ligand pair is unknown. Here, we have
experimentally measured each bond rupture force and rigor-
ously determined its respective loading rate by evaluating the
slope of the force-distance trace just before the rupture event.

The highest value for a P-selectin/PSGL-1 rupture force that
we determined approached 175 pN, a value similar to that found
by Fritz et al. (16) using single molecule force spectroscopy, al-
though our results were obtained at substantially higher re-
proach velocities. The relative loading rates for the two studies,
which would allow direct comparisons to be made, are unknown.
The unstressed off-rate for P-selectin/PSGL-1 calculated in this
study was 0.20 s�1, a result that lies in between the value
obtained by Fritz et al. (0.02 s�1) (16) and the studies using
flow-chambers (�1 s�1) (13, 14, 34). Differences between our Bell
Model parameters for P-selectin/PSGL-1 and those calculated by
Fritz et al. (16) may originate from slight differences between the
recombinant form of PSGL-1 and the natural form on PMNs or
any molecular orientation modifications that occur when PSGL-1
is nonspecifically immobilized. Interestingly, if the Bell model
parameters are found by fitting a line to the low loading rate
regime (up to 100 pN/s), the off-rate at 0.03 s�1 approaches that
by Fritz et al. (16). However, we have chosen to calculate the Bell
model parameters from a linear fit to data within the higher
loading rate regime (100–10000 pN/s), a decision also made by
others using single molecule-spectroscopic techniques (25). Using
a Monte Carlo simulation, Tees et al. (25) concluded that for

FIG. 4. a, LS174T cell tethering/rolling over purified P-selectin at a
wall shear stress of 1 dyne/cm2. Data are expressed as the percentage of
untreated (control) LS174T cells that interacted with purified P-selec-
tin throughout the 3-min experiment. Immobilized P-selectin was incu-
bated with an anti-P-selectin mAb (AK4, 20 �g/ml) for 10 min prior to
LS174T cell perfusion. LS174T cells were incubated with trypsin (20
�g/ml) for 1 h at 37 °C. Alternatively, untreated cells were cultured
with threo-PPPP (5 �M) or benzyl-GalNAc (2 mM), an O-linked glycan
extension inhibitor, or DMJ (1 mM), an N-linked glycan extension in-
hibitor. b, P-selectin binding to LS174T tumor cells as measured by
single molecule force spectroscopy. Shown are rupture force histograms
for control LS14T cells and cells cultured in media containing benzyl-
GalNAc and DMJ.
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selectin-carbohydrate binding, values for Bell model parameters
are correctly estimated from the steeper, higher loading rate
region. The lower loading rate regime does not in fact represent
another set of parameters but is consistent with a single model
spanning low to intermediate loading rates. In addition, estima-
tions for the physiological loading rates exerted on cellular adhe-
sion molecules range from �100–10000 pN/s (25). It is notewor-
thy that the Bell model parameters calculated using Equation 2
spanning the entire range of loading rates showed excellent
agreement with those obtained from linear fit at the high loading
rate regime. Furthermore, Monte Carlo simulations using these
parameter values yield rupture force distributions in accord with
those observed experimentally.

The impact of undesirable multiple events during single
molecule force spectroscopy has been evaluated using Monte
Carlo simulations (25). At 30% binding/cell/cantilever contact,
it is possible that 17% approach/reproach cycles may involve
multiple adhesions, which may impact the lifetime of bound
complexes and inflate rupture force values. However, it has
been found that multiple events only very modestly reduce the
theoretically attainable Bell model parameters found from sim-
ulations that involve strictly single events (25). In the case of
40% binding, which means that 23% multiple bonds are ex-
pected, the koff

° and x� parameters were reduced by only 7 and
3%, respectively (25).

To effectively use PMNs in an MFP experiment, PMNs must
be firmly immobilized on a substrate and subsequently fixed to
prevent further morphological changes (23). The fixation of
PMNs has been shown to abrogate microvillus elasticity, causing
them to behave as PSGL-1-coated rigid microbeads but without
impairing the molecular interaction between P-selectin and
PSGL-1 (15). The process of fixing PMNs decreases the likelihood
that the applied load on the P-selectin/PSGL-1 complex will be
partially dissipated by viscous deformation during microvilli ex-
tension. Thus, the rupture forces for fixed PMNs may be higher
at all loading rates than for unfixed PMNs, because nearly the
entire applied load is placed on the receptor/ligand pair and any
cytoskeletal contributions have been eliminated.

We also examined the effects of fixation with 1% formalin on
the biophysical parameters of P-selectin/ligand binding on
LS174T cells. Our experiments reveal that neither the tensile
strength at all loading rates nor the Bell model parameters
were appreciably impaired by the fixation process (see Supple-
mental Fig. 1), a finding that may be partially attributed to the
lack of actin cytoskeleton interaction with P-selectin ligand on
LS174T cells. Thus, under experimental conditions, in which
orientation and post-translational modifications of P-selectin
ligands are preserved and the cytoskeletal contributions have
been minimized in both cell types, the tensile strength and
affinity of P-selectin/PSGL-1 interactions are higher than those
of P-selectin/LS174T selectin ligand binding. Although we have
not identified the putative P-selectin ligand on the LS174T cell
surface, our data indicate that it is a novel sialylated, protease-
sensitive molecule that displays O-glycan-dependent binding
activity. Moreover, the existence of a single peak distribution of
rupture forces (Fig. 4b) suggests the presence of one major
LS174T P-selectin ligand or, alternatively, the existence of
more than one ligand with very similar properties.

In conclusion, we have employed single molecule force spec-
troscopy to probe in situ the biophysical parameters of P-selectin
binding to ligands on intact human cells at the single molecule
level. The differential abilities of PMNs and colon carcinomas to
roll on P-selectin substrates are attributed in part to intrinsic
differences in receptor/ligand binding affinity as well as varying
densities of ligands on their respective cell surfaces. Given the

direct role of P-selectin in hematogenous spread (8, 9), character-
izing the biochemical and biophysical properties of functional
P-selectin ligands on carcinomas will provide guidelines to engi-
neer novel therapeutic agents that will selectively block ligand
function and thus interfere with metastatic spread. Such a strat-
egy would offer specific anti-metastatic efficacy without impair-
ing other important P-selectin-mediated pathophysiological pro-
cesses. The in situ technique presented here provides a direct
means for evaluating the efficacy of potential adhesion-blocking
therapeutic agents.
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