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Selectins mediate rolling of leukocytes by rapid formation and
dissociation of selectin-ligand bonds, which are assumed to re-
quire high mechanical strength to prevent premature dissociation
by the forces applied in shear flow. This assumption is based
largely on the observation that increasing wall shear stress in-
creases only modestly the dissociation of transient leukocyte
tethers on very low selectin densities. P-selectin binds to the
N-terminal region of P-selectin glycoprotein ligand-1 (PSGL-1), a
mucin on leukocytes. Both PSGL-1 and P-selectin are extended
homodimers. We perfused transfected cells expressing wild-type
dimeric PSGL-1 or a chimeric monomeric form of PSGL-1 on immo-
bilized dimeric or monomeric forms of P-selectin. Cells expressing
dimeric or monomeric PSGL-1 tethered to P-selectin at equivalent
rates. However, cells expressing dimeric PSGL-1 established more
stable rolling adhesions, which were more shear resistant and
exhibited less fluctuation in rolling velocities. On low densities of
dimeric P-selectin, increasing wall shear stress more rapidly in-
creased transient tether dissociation of cells expressing monomeric
PSGL-1 than dimeric PSGL-1. Tether dissociation on low densities of
monomeric P-selectin was even more shear sensitive. We conclude
that dimerization of both PSGL-1 and P-selectin stabilizes tethering
and rolling, probably by increasing rebinding within a bond cluster.
Because transient tethers may have more than one bond, the
mechanical strength of selectin-ligand bonds is likely to be lower
than initially estimated. Tether strength may rely more on bond
clusters to distribute applied force.

uring inflammation, leukocytes first tether to and roll on the
blood vessel wall (1, 2). This adhesive event is mediated
primarily by binding of the selectins to cell-surface glycoconju-
gates. L-selectin, expressed on most leukocytes, binds to ligands
on endothelial cells and other leukocytes. P- and E-selectin,
expressed on activated platelets and/or endothelial cells, bind to
ligands on leukocytes, platelets, and some endothelial cells.
Leukocyte rolling in shear flow requires rapid formation and
breakage of adhesive bonds that are subjected to applied force
(3). Surface plasmon resonance measurements reveal that sol-
uble, monomeric P-, and L-selectin bind to physiological ligands
with very rapid kon and kos values (4, 5). These rapid intrinsic
binding kinetics are important, but mechanical properties of
selectin-ligand interactions also affect rolling, because adherent
cells must resist premature detachment under force (6, 7). The
lifetimes of transient tethers of leukocytes on selectins at den-
sities too low to support rolling have been measured as a function
of wall shear stress or force applied to the tether (6, 8—12). The
lifetimes appear to obey first-order dissociation kinetics and are
independent of selectin or ligand density; this suggests, but does
not prove, that the tethers represent single selectin-ligand bonds.
There are two caveats to this assumption. First, tethers sup-
ported by multibond clusters can have lifetime distributions that
are similar to those of single-bond tethers; that is, they may
appear to obey first-order dissociation kinetics (13). Thus, the
inherent errors in measuring tether lifetimes make it difficult to
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discriminate tethers supported by single or multiple bonds.
Second, independence of selectin or ligand density is expected
even for multibond lifetimes if the selectin and/or ligand are
clustered (13). Bond clusters may be particularly important for
stabilizing cell rolling, especially at higher wall shear stresses.
The number of bonds formed during tethering and rolling may
be a function of the local distribution as well as the overall
density of receptors and ligands. Some adhesion molecules are
concentrated in microvillus tips or clathrin-coated pits (14-16).
Dimerization of adhesion receptors and ligands is another
potential mechanism favoring bond clusters.

The physiological ligand for P-selectin on leukocytes is P-
selectin glycoprotein ligand-1 (PSGL-1) (2, 17). The preferential
binding of P-selectin to PSGL-1 makes this receptor-ligand pair
an excellent model system to address the biochemical and
biophysical features that contribute to cell tethering and rolling
in shear flow. Both P-selectin and PSGL-1 are extended mem-
brane glycoproteins that form homodimers. P-selectin isolated
from human platelets consists of dimers and oligomers in
nonionic detergents (18). Dimerization is apparently mediated
through interactions of the transmembrane domains, because
recombinant soluble forms of P-selectin that lack the transmem-
brane domain are monomeric. Crosslinking studies confirm that
P-selectin forms dimers in the cell membrane (19). Under static
conditions, more leukocytes adhere to low matched densities of
dimeric P-selectin than of monomeric P-selectin (18). PSGL-1 is
a mucin that forms homodimers covalently linked by a disulfide
bond between a single extracellular cysteine in each subunit (20),
which is located at the junction with the transmembrane domain
(21, 22). Mutation of this cysteine was reported to eliminate
dimerization of PSGL-1 on intact cells and to prevent binding of
fluid-phase P-selectin to PSGL-1 on the cells (21). This finding
was surprising in that soluble monomeric P-selectin binds with
appreciable affinity to a soluble N-terminal proteolytic fragment
of PSGL-1 and to soluble glycosulfopeptides modeled after the
N terminus of PSGL-1 (22, 23). Furthermore, mutation of the
cysteine in PSGL-1 still allows it to form noncovalent dimers that
can be crosslinked on the cell surface (22). Noncovalent dimer-
ization is mediated through interactions of the transmembrane
domains. Creation of a chimeric form of PSGL-1 by substituting
its transmembrane domain with that of CD43, which also
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removes the cysteine residue, yields an apparently monomeric
form of PSGL-1 that cannot be crosslinked but still binds well to
P-selectin (22). These combined results indicate that dimeriza-
tion of PSGL-1 is not a prerequisite for binding to P-selectin.
However, it has not been established whether dimerization of
PSGL-1 or P-selectin modulates cell adhesion in flow.

In this paper, we directly compare the tethering and rolling of
cells expressing dimeric or monomeric PSGL-1 on substrates of
dimeric or monomeric P-selectin. Our results indicate that
dimerization stabilizes cell rolling in shear flow. The dissociation
kinetics of transient tethers formed through interactions of
monomeric P-selectin and PSGL-1 are much more sensitive to
applied force than those formed through interactions of dimeric
P-selectin and PSGL-1. Thus, transient tethers that appear to
obey first-order dissociation kinetics need not represent one
bond. Our data support the importance of bond clusters in
supporting tethering and rolling and suggest that the mechanical
strength of individual selectin-ligand bonds may be lower than
the initial estimates.

Materials and Methods

Cells. Human neutrophils were isolated as described (15). Trans-
fected Chinese hamster ovary (CHO) cells expressing al, 3-fu-
cosyltransferase VII and core-2 B1, 6-N-acetylglucosaminyl-
transferase-L were transfected with cDNA for wild-type PSGL-1
or for CD43TMD PSGL-1, a chimeric molecule in which the
transmembrane domain of PSGL-1 was replaced with the trans-
membrane domain of CD43 (11, 22). Transfected cells resistant
to G418, hygromycin, and Zeocin (Invitrogen) were selected for
matched expression of PSGL-1 by using anti-PSGL-1 mAbs PL1
and PL2 (15). Human K562 cells transfected with cDNAs for
wild-type or CD43TMD PSGL-1 were also selected for matched
expression of PSGL-1. To create sialyl Lewis x (sLe*) determi-
nants on the cell surface, 5-10 X 10° K562 cells were treated with
1 mM GDP-fucose/20 milliunits/ml of a1, 3-fucosyltransferase
VI (Calbiochem)/10 mM MnCl, in 0.5 ml Hanks’ balanced salt
solution (HBSS) containing Ca?* and Mg?*, plus 0.1% human
serum albumin (HBSS/HSA) for 45 min at 37°C. Matched levels
of cell-surface sLe* epitopes were confirmed by flow cytometric
analysis with the anti-sLe®* mAb HECA-452 (24).

Cell Accumulation, Shear Resistance, and Tethering in Shear Flow.
CHO cells or K562 cells expressing wild-type or CD43TMD
PSGL-1 (10°/ml in HBSS/HSA) were perfused over adsorbed
membrane-derived P-selectin (mP-selectin) (18, 25) in a parallel-
plate flow chamber. Site densities of P-selectin were determined
by binding of radiolabeled anti-P-selectin mAb G1 (15). The
accumulated number of rolling cells was measured with a
videomicroscopy system coupled to a digitized image analysis
system (Inovision, Durham, NC) (11). To measure resistance to
detachment, transfected cells were allowed to accumulate at 0.5
dyn/cm? (1 dyn = 10 uN). Wall shear stress was increased every
30 s, and the percentage of remaining adherent cells was
determined. The rate that cells tethered to mP-selectin was
measured during the first 60 s of perfusion (11). Cells that
detached in less than 30 frames were defined as transient tethers.
Cells that remained attached for at least 30 frames were defined
as rolling tethers, because greater than 90% of these cells rolled
after the 30-frame observation period.

Velocity Measurements. Rolling velocities were measured by track-
ing an individual cell frame by frame, an interval of 0.033 s, in
the direction of flow. For each P-selectin-PSGL-1 interaction, at
least 60 cells were tracked, each for up to 5 s, to yield a total
observation time of 300 s (11). The frame-by-frame velocity data
were used to calculate the mean velocity and the variance of
velocity for each cell over the 5-s period. The pooled data from
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all cells were used to calculate the mean velocity and variance of
velocity for the cell population.

Determination of Dissociation Rate Constants and Mechanical
Strength of Transient Tethers. Transient tether durations were
measured on very low site densities of mP-selectin or recom-
binant soluble P-selectin (sP-selectin) (11, 18). The natural log
of the number of cells that remained bound as a function of
time after initiation of tethering was plotted. For first-order
dissociation kinetics, the resultant plot is a straight line, and
the slope = —kop. Multibond tethers may also dissociate in a
pseudofirst-order fashion, although the slope in such a nearly
linear plot would not represent the —ko of the individual
bonds in the cluster. Nevertheless, the measured apparent kg
allowed us to compare the dissociation kinetics of tethers
mediated through monomeric and dimeric P-selectin-PSGL-1
interactions. Five independent measurements of ko were
made for the interaction of neutrophils or of CHO cells
transfected with wild-type or CD43TMD PSGL-1 with either
mP-selectin or sP-selectin. The dependence of k¢ on applied
force was assumed to follow the Bell equation (26): kost = kgff
exp (aFy,/kT), where kb is the dissociation rate in the absence
of applied force, a is the reactive compliance, Fy, is the force
on the bond, k is Boltzman’s constant, and 7 is the absolute
temperature. The term F was substituted for Fy, because the
tether may represent more than one bond. For CHO cells, the
force on the tether was calculated (27) by using a cell diameter
of 20 um and assigning a tether angle of 50°. For neutrophils,
the force on the tether was calculated on the basis of a tether
angle of 62°, which was derived after directly measuring the
lever arm of the tether (9). The Bell equation was fit to the k¢t
vs. Fy data by using the exponential curve fitting function in
Excel (Microsoft), which returns the best-fit parameter values
for k?,f,- and a. The values from each of the five experiments
were then averaged. Statistical significance, assessed by two
independent methods (11), was assumed for P < 0.05.

Results

Tethering and Rolling of Transfected Cells Expressing Wild-Type or
CD43TMD PSGL-1 on mP-selectin. To examine whether dimerization
of PSGL-1 affects tethering and rolling of cells on P-selectin in
shear flow, we compared cells expressing wild-type dimeric
PSGL-1 with cells expressing CD43TMD PSGL-1. CD43TMD
PSGL-1 appears to be monomeric on the cell surface, because
unlike wild-type PSGL-1, it cannot be chemically crosslinked
(22). Transfected CHO cells express a form of PSGL-1 that binds
to P-selectin if the cells coexpress 3-fucosyltransferase VII and
6-N-acetylglucosaminyltransferase-L, which permits construc-
tion of a required core-2 O-glycan capped with sLe* on the
N-terminal region of PSGL-1 (23, 28). CHO cell clones express-
ing matched densities of PSGL-1 were identified by flow cytom-
etry with PL1, a mAb to PSGL-1 (Fig. 14). Equivalent expres-
sion of sLe* was confirmed by flow cytometry with HECA-452,
a mAb to sLe* (Fig. 1C). We also prepared transfected K562
cells expressing matched levels of wild-type or CD43TMD
PSGL-1 (Fig. 1B). K562 cells express a form of PSGL-1 that can
bind to P-selectin if they are cotransfected with a cDNA for
al,3-fucosyltransferase VII (29). As an alternative method of
generating sLe*, we incubated transfected K562 cells expressing
PSGL-1 with exogenous GDP-fucose and human a1, 3-fucosyl-
transferase VI to force fucosylation of surface glycoconjugates.
Flow cytometry with a mAb to sLe® confirmed equivalent
fucosylation of K562 cells expressing wild-type or CD43TMD
PSGL-1 (Fig. 1D).

We analyzed rolling of the transfected cells on adsorbed
mP-selectin, the membrane form of P-selectin isolated from
human platelets. Rolling required a specific interaction of the
N-terminal region of PSGL-1 with P-selectin, because it was
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Fig.1. Expression of PSGL-1and sLeXon transfected CHO and K562 cells. Cells
were incubated with the anti-PSGL-1 mAb PL1, the anti-sLe* mAb HECA-452,
or an isotype-matched control mAb. Bound antibody was detected with
FITC-conjugated goat-antimouse IgG/IgM.

blocked by the anti-PSGL-1 mAb PL1 or the anti-P-selectin
mAb G1 (data not shown). Comparable numbers of CHO cells
expressing wild-type or CD43TMD PSGL-1 rolled on mP-
selectin at all wall shear stresses and P-selectin densities
examined (Fig. 24 and data not shown). Compared with K562
cells expressing wild-type PSGL-1, fewer K562 cells expressing
CD43TMD PSGL-1 rolled on mP-selectin, although the dif-
ferences were not statistically significant when assessed by
Student’s ¢ test at individual data points (Fig. 2B). To examine
the stability of rolling, we allowed cells to accumulate on
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Fig. 2. Rolling of cells expressing wild-type or CD43TMD PSGL-1 on
mP-selectin. (A and B) CHO cells or K562 cells expressing wild-type or
CD43TMD PSGL-1 were perfused at the indicated wall shear stress over
mP-selectin at the indicated density. After 4 min, the number of rolling
cells was quantified. (Cand D) CHO cells or K562 cells expressing wild-type
or CD43TMD PSGL-1 were allowed to accumulate on mP-selectin at 0.5
dyne/cm?2. Wall shear stress was increased every 30 s, and the percentage
of remaining adherent cells was determined. The data represent the
mean = SD of three to six experiments.
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Fig.3. Rate of tethering of cells expressing wild-type or CD43TMD PSGL-1on

mP-selectin. CHO cells expressing wild-type or CD43TMD PSGL-1 were per-
fused over mP-selectin at 66 sites/um?2 (A) or 31 sites/um? (B). The number of
cells that tethered to mP-selectin during the first 60 s was quantified and
normalized by dividing by the number of cells delivered across the field of view
in the focal plane of the substrate. The percentage of tethers that were
transient or that were converted to rolling adhesion is also indicated. The data
represent the mean = SD of three experiments. At each wall shear stress, the
difference in percentage of cells that converted to rolling adhesion between
wild-type and CD43TMD PSGL-1 was significant at P < 0.05.

mP-selectin at 0.5 dyne/cm? and then subjected the cells to
stepwise increases in wall shear stress. Compared with cells
expressing wild-type PSGL-1, cells expressing CD43TMD
PSGL-1 detached more rapidly in response to increasing wall
shear stress (Fig. 2 C and D). For CHO cells, this difference
was particularly evident at a relatively low mP-selectin density
(31 sites/um?) (Fig. 2C). The difference was less marked at an
mP-selectin density of 66 sites/um?, and it disappeared at 115
sites/um? (data not shown).

We then examined the initial tethering of cells to mP-selectin
(Fig. 3). CHO cells expressing wild-type or CD43TMD PSGL-1
tethered to mP-selectin at equivalent rates, suggesting that both
molecules were comparably distributed on the cell surface,
probably on microvillous tips (15). However, CHO cells express-
ing wild-type PSGL-1 converted a higher percentage of the
initial tethers into rolling adhesions. As an additional measure of
rolling stability, we tracked the displacements of CHO cells
expressing wild-type or CD43TMD PSGL-1 on mP-selectin
between successive video frames. Each displacement was divided
by the time interval of 0.033 s to derive the velocity. Fig. 4 4 and
B show the velocity at each frame for a representative CHO cell
expressing wild-type or CD43TMD PSGL-1 rolling on mP-
selectin at 1 dyne/cm?. The cell expressing wild-type PSGL-1
rolled with much smaller fluctuations in velocity than the cell
expressing CD43TMD PSGL-1. To quantify the rolling behavior,
the frame-by-frame velocity data were used to calculate the
mean velocity and the variance in velocity for each cell over a 5-s
period. The pooled data from at least 60 cells were used to
calculate the mean velocity and variance of velocity for a cell
population at various wall shear stresses and mP-selectin den-
sities. Under the conditions examined, the mean rolling veloc-
ities of cells expressing wild-type PSGL-1 appeared to be lower
than those of cells expressing CD43TMD PSGL-1, although the
differences were not statistically significant when assessed by
Student’s ¢ test at individual data points (Fig. 4 C and E).
However, the variance of velocity was significantly lower for cells
expressing wild-type PSGL-1 than for cells expressing
CD43TMD PSGL-1 (Fig. 4 D and F). This difference was also
observed when we compared cells expressing wild-type PSGL-1
at half the density of the cells expressing CD43TMD PSGL-1
(data not shown). The more irregular velocities of cells express-
ing CD43TMD PSGL-1 suggest that they are less able to balance
the rates of forming new bonds with the rates of breaking old
bonds with P-selectin. The functional consequences of this defect
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Fig. 4. Rolling velocities of cells expressing wild-type or CD43TMD PSGL-1

on mP-selectin. (A and B) Frame-by-frame velocities of representative cells
rolling at 1 dyn/cm?. (C-F) Mean velocities and variances of velocities for cell
populations rolling on mP-selectin at the indicated densities. The data were
derived from three to four experiments. At each shear stress, the difference in
variance of velocity between wild-type and CD43TMD PSGL-1 was significant
at P < 0.05.

become more pronounced at lower P-selectin densities or at
higher wall shear stresses.

Kinetics of Dissociation and Mechanical Strength of Transient Tethers
of Cells Expressing Wild-type or CD43TMD PSGL-1 on mP-selectin or
sP-selectin. Under flow conditions, a cell expressing PSGL-1 can
theoretically tether to immobilized P-selectin through a single
selectin-ligand bond. However, PSGL-1 and P-selectin are both
dimers, which could promote formation of dimeric bonds. To
examine this possibility, we measured the lifetimes of transient
tethers of CHO cells expressing wild-type or CD43TMD PSGL-1
on very low densities of mP-selectin, which consists of dimers or
oligomers, or on very low densities of recombinant sP-selectin,
which is monomeric. We also measured the transient tether
lifetimes of human neutrophils, which express native dimeric
PSGL-1, on mP-selectin or sP-selectin. All transient tethers were
eliminated by addition of anti-PSGL-1 mAb PL1 or anti-P-
selectin mAb G1 (data not shown). Fig. 5 4 and B show
representative data at two different wall shear stresses for cells
tethered through wild-type or CD43TMD PSGL-1 to mP-
selectin. The tether lifetimes appeared to obey first-order dis-
sociation kinetics. In the examples shown, the apparent disso-
ciation rate, or k¢, was similar for tethers formed by wild-type
or CD43TMD PSGL-1 at 0.25 dyne/cm?. However, the apparent
kogr was 3-fold lower for wild-type than for CD43TMD PSGL-1
at 0.5 dyn/cm?,

The durations of transient tethers were measured in five
independent experiments for each P-selectin-PSGL-1 interac-
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Fig. 5. Kinetics of dissociation and mechanical strength of transient tethers

of cells expressing wild-type or CD43TMD PSGL-1 on very low densities of
mP-selectin or sP-selectin. (A and B) Representative pseudofirst-order dissoci-
ation kinetics for transient tethers of CHO cells expressing wild-type or
CD43TMD PSGL-1 on mP-selectin at the indicated wall shear stress. (C and D)
Effect of increasing wall shear stress on tether dissociation rates for trans-
fected CHO cells or neutrophils on mP-selectin or sP-selectin. Each group of
points represents a single wall shear stress from each of five independent
experiments. The points were displaced horizontally so that all points could be
seen. The data were fit to the Bell equation (26).

tion over a range of wall shear stresses. The measured tether
dissociation rates were plotted against wall shear stress, and the
data were fit to the Bell equation, a theoretical relationship
between ko and the force on the bond, Fy (26). Because the
tether may represent more than one bond, we substituted the
term F; for Fy, (Fig. 5 C and D). The fit yielded values for kgff,
i.e., the ko in the absence of force and for a, the reactive
compliance, which is inversely proportional to the mechanical
stability of the tether (Table 1). For CHO cells, the value for k2
for the interaction of wild-type PSGL-1 with mP-selectin was
slightly lower than for the other interactions. For neutrophils, the
kgﬂ- was similar for the interaction with mP-selectin or sP-
selectin. In response to increasing wall shear stress, the dissoci-
ation rates of tethers on mP-selectin increased significantly more
rapidly for CHO cells expressing CD43TMD PSGL-1 than for
CHO cells expressing wild-type PSGL-1 (Fig. 5C). This indicates

Table 1. Dissociation rates and reactive compliance values for
P-selectin-PSGL-1 tethers

PSGL-1 Ko, 571 a, A
mP-selectin Wild-type (CHO cells) 1.2*+0.2 0.20 = 0.03
CD43TMD (CHO cells) 2.0+0.8 0.34 = 0.01
Wild-type (neutrophils) 1.0 = 0.1 0.42 = 0.03
sP-selectin Wild-type (CHO cells) 28*03 0.35 = 0.01
CD43TMD (CHO cells) 26*+0.3 0.33 = 0.01
Wild-type (neutrophils) 1.1 £ 0.1 0.70 = 0.05

Values for k% and a were derived from Fig. 5 C and D. The data represent
the mean * SD of five experiments.
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that tethers formed by binding of CD43TMD PSGL-1 to mP-
selectin had less mechanical strength than those formed by
binding of wild-type PSGL-1 to mP-selectin. The kinetics and
mechanical properties of single bonds between mP-selectin and
wild-type or CD43TMD PSGL-1 should not differ, because the
substitution of the transmembrane domain should not alter the
posttranslational modifications in the N-terminal domain of
PSGL-1 that are required for binding to P-selectin. Furthermore,
fluid-phase sP-selectin binds equivalently to wild-type and
CD43TMD PSGL-1 (22). This suggests that transient tethers
formed by binding of CD43TMD PSGL-1 to mP-selectin con-
tained fewer bonds than tethers formed by binding of wild-type
PSGL-1 to mP-selectin. Remarkably, the dissociation rates of
tethers formed by binding of wild-type or CD43TMD PSGL-1 to
monomeric sP-selectin increased even faster in response to
increasing wall shear stress (Fig. 5C). Neutrophil tether disso-
ciation rates also increased much more rapidly on sP-selectin
than on mP-selectin as wall shear stress was increased (Fig. 5D).
These differences were reflected in an increase in a, the reactive
compliance, for tethers of CHO cells or neutrophils on sP-
selectin compared with those on mP-selectin (Table 1). The
statistical significance of the observed differences was confirmed
by nonlinear regression analysis and by the method of maximum
likelihood. The value for F; is an estimate that requires knowl-
edge of the lever arm of the tether and the angle of the tether
with the substrate. Errors in Fy may explain differences in a
between CHO cells and neutrophils but will not affect the
differences observed for distinct molecular interactions in the
same cell type. These data demonstrate that dimerization of
PSGL-1 and P-selectin enhances the mechanical strength of
transient tethers, most likely by increasing the number of bonds.

Discussion

To mediate leukocyte rolling in flow, selectin-ligand bonds are
thought to associate and dissociate rapidly and to have high
mechanical strength that resists premature dissociation by force.
Here we show that dimerization of both PSGL-1 and P-selectin
stabilizes rolling by increasing the strength of adhesive tethers.
Dimerization probably strengthens tethers by favoring formation
of dimeric bonds, even at P-selectin densities that are too low to
support rolling. Thus, transient tethers most likely represent
more than one bond, even if their lifetimes appear to follow
first-order dissociation kinetics and to be independent of selectin
or ligand density. This suggests that the more conservative term
“tether” should be substituted for the widely used term “tether
bond” (6, 8-12). Our data also suggest that the strengths of
individual selectin-ligand bonds may be less than those originally
estimated by transient tether lifetime analysis.

Under the conditions studied, comparable numbers of CHO
cells or K562 cells expressing dimeric wild-type PSGL-1 or
monomeric CD43TMD PSGL-1 rolled on P-selectin. However,
cells expressing CD43TMD PSGL-1 detached more readily in
response to increasing wall shear stress. CHO cells expressing
wild-type or CD43TMD PSGL-1 tethered at similar rates, but
cells expressing CD43TMD PSGL-1 were less efficient at con-
verting tethers to rolling adhesions, and rolling was much more
irregular, as assessed by the higher variance in rolling velocities.
The tethering rate is proportional to the rate of forming the
initial bond, provided that the bond is sufficiently strong and
long-lived to be observed. By comparison, the efficiency of
converting tethers to rolling and the stability of rolling depend
on whether front tethers form before rear tethers dissociate.
Dimerization of PSGL-1 and P-selectin may be most important
for stabilizing rolling, particularly at lower P-selectin or PSGL-1
densities or at higher wall shear stresses. During flow, forming
the initial bond between a dimeric P-selectin and a dimeric
PSGL-1 is likely to have the same low probability as forming the
initial bond between two monomeric P-selectin and two mono-
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meric PSGL-1 molecules. This may explain why CHO cells
expressing wild-type or CD43TMD PSGL-1 tethered at similar
rates. For dimeric molecules, however, formation of the second
bond should be greatly favored because of the close proximity of
the binding partners. This will distribute the force over both
bonds and thus increase the average bond lifetime. If one bond
dissociates, there is an opportunity for it to rebind, because the
cell remains tethered by the other bond. The net effect is to
prolong the lifetime of the initial tether, which allows time for the
cell to form new bonds that may themselves be dimeric. This
should result in more regular and more shear-resistant rolling
adhesion, as we observed.

Analysis of transient tether lifetimes strongly suggests that
dimerization of PSGL-1 and P-selectin increases the number of
bonds in cell tethers. Transient tethers supported by interactions
of wild-type PSGL-1 with mP-selectin showed the least sensi-
tivity to applied force, whereas transient tethers supported by
interactions of wild-type or CD43TMD PSGL-1 with sP-selectin
showed the greatest sensitivity. Intermediate sensitivity to force
was observed for tethers supported by interactions of CD43TMD
PSGL-1 with mP-selectin. The precise number of bonds sup-
ported by each class of tether is not known. The simplest
interpretation is that dimeric, or double, bonds support tethers
between wild-type PSGL-1 and mP-selectin, whereas mono-
meric, or single, bonds support tethers between wild-type or
CD43TMD PSGL-1 with sP-selectin. The sparse number of
monomeric sP-selectin molecules on the substrate may support
only single bonds, even if PSGL-1 on the tethered cell is dimeric.
The tethers supported by interactions of CD43TMD PSGL-1
with mP-selectin may represent a mixture of single and double
bonds. Although the mP-selectin molecules are sparsely distrib-
uted, an individually adsorbed dimer or oligomer might interact
with two closely spaced monomeric PSGL-1 molecules, espe-
cially at the relatively high levels of PSGL-1 expressed on the
CHO cells. Microvillous extension or extrusion of membrane
tethers may lower the force applied to the tether (30, 31) but will
not affect the conclusion that dimeric molecules form more
bonds in cell tethers than monomeric molecules.

It is noteworthy that previous measurements of transient
tethers mediated by interactions of P-selectin with PSGL-1 used
adsorbed mP-selectin isolated from human platelets, which is
dimeric or oligomeric, or P-selectin expressed on transfected
cells, which is probably dimeric (6, 11, 12). Thus the tethers
analyzed in these studies probably represented at least two
bonds, and the reported strength of these “tether bonds” likely
overestimated the strength of an individual bond. Furthermore,
our results suggest that the transient tethers previously measured
for interactions of E-selectin and L-selectin with their respective
ligands may not represent single bonds (8-11). That multibond
tethers appeared to follow first-order dissociation kinetics, which
seemed to be independent of the selectin or ligand density,
highlights that these criteria are not sufficient to discriminate
adhesion through single or multiple bonds. Without knowing the
number of bonds in a tether, kinetic and mechanical properties
derived from tether lifetime analysis should not be referred to as
intrinsic properties of a single bond, but rather as apparent
properties of a single tether, even if the tether behaves as a
quantal binding unit. The Bell equation has been proposed to
govern the force dependence of dissociation rate of selectin—
ligand bonds, on the basis of analyzing lifetimes of neutrophil
transient tethers on mP-selectin at different wall shear stresses
(12). These tethers, however, probably contained more than one
bond, and here we show that the Bell equation can fit tether
lifetime vs. wall shear stress data for both mP-selectin and
sP-selectin, despite differences in bond number in the tethers.
Without knowing the number of bonds in the tethers, an
apparent agreement between the data and the Bell equation
should not be taken as sufficient proof of the model. Further-
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more, the zero-force extrapolation of tether dissociation rates,
i.e., the k% values, should be interpreted with caution, because
it cannot be assumed that single or multiple bonds respond
uniformly to all applied forces.

Do single selectin-ligand bonds have significant mechanical
strength? For tethers of wild-type PSGL-1 on sP-selectin, the
reactive compliance, which is inversely proportional to the tether
strength, is nearly twice that of the tethers on mP-selectin. If the
tether on sP-selectin is a single bond, then the strength of the
bond is about half that originally proposed. If the tether on
sP-selectin represents more than one bond, then the strength of
the individual bond will be even lower. Selectin-ligand bonds
have been considered to require high mechanical strength to
prevent premature dissociation in shear flow (6, 9). Here we
show that stable rolling requires high mechanical strength of the
tethers; this requirement can be met by dimerization of P-
selectin and PSGL-1 in lieu of high mechanical strength of the
individual molecular bonds. Artificial crosslinking of L-selectin
also increases rolling stability (32), and it is possible that L- and
E-selectin or other selectin ligands form dimers or oligomers in
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the cell membrane. Molecular self-association is likely to func-
tion in cooperation with other methods for clustering selectins or
selectin ligands. PSGL-1 and L-selectin cluster in microvillous
tips (14, 15), probably through linkages with cytoskeletal ele-
ments (33), and P-selectin clusters in clathrin-coated pits of
endothelial cells (16). The local cell-surface concentrations of
selectins and selectin ligands, even in cells where the global
densities are not high, may increase bond numbers in tethers and
thus increase the lifetimes of the tethers. This may be particularly
important for L-selectin, which has a much higher intrinsic rate
of dissociation from its ligands (4). The modest mechanical
strength of the L-selectin-PSGL-1 interaction measured by
dynamic force spectroscopy implies that L-selectin tethers re-
quire multibond clusters to prevent premature cell detachment
under flow (34).
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