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Sialyl Lewis®-Mediated, PSGL-1 -Independent Rolling Adhesion on P-

selectin

Abstract

Selectin-mediated cell adhesion is an essential component of the inflammatory response. In an attempt to
unambiguously identify molecular features of ligands that are necessary to support rolling adhesion on P-
selectin, we have used a reconstituted (“cell-free”) system in which ligand-coated beads are perfused over

soluble P-selectin surfaces. We find that beads coated with the saccharides sialyl LewisX (sLeX), sialyl Lewis?
(sLe?), and sulfated LewisX (HSO3LeX) support rolling adhesion on P-selectin surfaces. Although it has been
suggested that glycosylation and sulfation of P-selectin glycoprotein ligand-1 (PSGL-1) is required for high-
affinity binding and rolling on P-selectin, our findings indicate that sulfation of N-terminal tyrosine residues is
not required for binding or rolling. However, beads coated with a tyrosine-sulfated, sLeX-modified,

PSGL-1-Fc chimera support slower rolling on P-selectin than beads coated with sLeX alone, suggesting that
sulfation improves rolling adhesion by modulating binding to P-selectin. In addition, we find it is not
necessary that P-selectin carbohydrate ligands be multivalent for robust rolling to occur. Our results

demonstrate that beads coated with monovalent sLeX, exhibiting a more sparse distribution of carbohydrate
than a similar amount of the multivalent form, are sufficient to yield rolling adhesion. The relative abilities of
various ligands to support rolling on P-selectin are quantitatively examined among themselves and in
comparison to human neutrophils. Using stop-time distributions, rolling dynamics at video frame rate
resolution, and the average and variance of the rolling velocity, we find that P-selectin ligands display the
following quantitative trend, in order of decreasing ability to support rolling adhesion on P-selectin:

PSGL-1-Fc > sLe? ~ sLeX > HSO3>LeX.
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Sialyl Lewis*-Mediated, PSGL-1-Independent Rolling
Adhesion on P-selectin

Stephen D. Rodgers,* Raymond T. Camphausen,’ and Daniel A. Hammer*

*Department of Chemical Engineering and Institute for Medicine and Engineering, University of Pennsylvania, Philadelphia, Pennsylvania
19107, and TGenetics Institute, Cambridge, Massachusetts 02140 USA

ABSTRACT Selectin-mediated cell adhesion is an essential component of the inflammatory response. In an attempt to
unambiguously identify molecular features of ligands that are necessary to support rolling adhesion on P-selectin, we have
used a reconstituted (“cell-free”) system in which ligand-coated beads are perfused over soluble P-selectin surfaces. We find
that beads coated with the saccharides sialyl Lewis™ (sLe™), sialyl Lewis?® (sLe?), and sulfated Lewis* (HSOLe*) support rolling
adhesion on P-selectin surfaces. Although it has been suggested that glycosylation and sulfation of P-selectin glycoprotein
ligand-1 (PSGL-1) is required for high-affinity binding and rolling on P-selectin, our findings indicate that sulfation of
N-terminal tyrosine residues is not required for binding or rolling. However, beads coated with a tyrosine-sulfated, sLe*-
modified, PSGL-1-Fc chimera support slower rolling on P-selectin than beads coated with sLe* alone, suggesting that
sulfation improves rolling adhesion by modulating binding to P-selectin. In addition, we find it is not necessary that P-selectin
carbohydrate ligands be multivalent for robust rolling to occur. Our results demonstrate that beads coated with monovalent
sLe*, exhibiting a more sparse distribution of carbohydrate than a similar amount of the multivalent form, are sufficient to yield
rolling adhesion. The relative abilities of various ligands to support rolling on P-selectin are quantitatively examined among
themselves and in comparison to human neutrophils. Using stop-time distributions, rolling dynamics at video frame rate
resolution, and the average and variance of the rolling velocity, we find that P-selectin ligands display the following
quantitative trend, in order of decreasing ability to support rolling adhesion on P-selectin: PSGL-1-Fc > sLe® ~ sLe* >
HSOzLe*.

INTRODUCTION

The adhesion of circulating leukocytes to the vascular walparticularly carcinomas (Fukuda and Hindsgaul, 1994,
occurs routinely in the normal course of lymphocyte recir-Fukushima et al., 1984; Hakamori, 1989, 1996; Takada et
culation and the inflammatory response. In such processea., 1991).

adhesion molecules on the surface of leukocytes interact Though sLé&-like carbohydrates are likely the biological
with complementary adhesion molecules expressed on thgyands for E-selectin, higher affinity, mucin-type ligands
luminal surface of endothelial cells. These interactions refor both L- and P-selectin have been identified, perhaps the
sult in the transient, dynamic adhesion (rolling) of cells topest characterized of which is P-selectin glycoprotein li-
the vascular wall, which is followed by firm arrest and gand-1 (PSGL-1). PSGL-1 is a homodimeric sialomucin
diapedesis (Springer, 1994). Much work has been done tggand for P-selectin that is expressed on the surface of
identify and characterize the adhesion molecules participalymost all circulating leukocytes (Laszik et al., 1996;
ing in these events. The selectin family (L-, E-, and P-\cEyer and Cummings, 1997). The anionic N terminus of
selectin) of cell adhesion molecules has been identified a5 re PSGL-1 contains a cluster of three tyrosine residues,
the principal mediators of the initial tethering and rolling of .o o more of which can be sulfated. and a putative
circulating_ Ieuko<_:ytes along the endothe_lium. AIthOUghsLe?‘-modified glycan at THf. High-affinity binding of
they are dlfferennglly expressed, all selectins are known tg, go|e4in requires both of the these posttranslational mod-
bind, with low affinity, the carbohydrate structure ste ifications of PSGL-1 (Pouyani and Seed, 1995; Sako et al.,

(sialyl Lewis®), as well as its isomer sPgsialyl Lewis?) CAFILs | -~
(Berg et al., 1991, 1992; Foxall et al., 1992; Handa et al.1995’ W|Ik|ns et aI.,. 1995).-Cleavage Okglycan-contain
ing regions, or of sialic acid groups, as well as treatment

1991; Polley et al., 1991). steis a tetrasaccharide com- with sulfation inhibitors, enzymatic removal of sulfate, or

posed of galactos&-acetylglucosamine, fucose, and sialic . . . .

acid. It is expressed on the surface of all circulating leuko-2ONVersion of sulfate bearlr?g—tyros_ln(_a residues to ph_enylal-

cytes and is also known to be elevated in tumor cells@nine, was shown to effectively ehmmate PSGL-l' binding
to P-selectin (Goetz et al., 1997; Li et al., 1996; Liu et al.,

1998; Pouyani and Seed, 1995; Sako et al., 1995; Wilkins et

al., 1995). Clearly a consensus has been reached about the

Received for publication 18 October 1999 and in final form 4 May 2000. importance of both sleand sulfated tyrosine for the main-
Address reprint requests to Dr. Daniel A. Hammer, Department of Bio-

engineering, University of Pennsylvania, 120 Hayden Hall, 3320 Smithtenance of proper adheswg |.nteract|ons between PSGL-1
Walk, Philadelphia, PA 19104. Tel.: 215-573-6761; Fax: 215-573-2003:2nd P-selectin. However, it is not apparent from these
E-mail: hammer@seas.upenn.edu. experiments whether si'eby itself, not necessarily in the

© 2000 by the Biophysical Society context of PSGL-1, is capable of supporting rolling adhe-
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sLe* Rolling on P-Selectin 695

Our laboratory has developed an assay for the unambig- Y Y Y ?

uous identification of ligands that support rolling adhesion NH,—] ! 5 I

on the selectins. In this technique, we immobilize putative 2 < A

ligands on polystyrene microspheres and measure their ad-

hesion to selectin-coated surfaces in a flow chamber. Using —

this method, we have previously examined rolling adhesion fotin H e

mediated by low-affinity, E-selectin/ste and L-selectin/ GHs (Ha (Ha)y

sLe interactions (Goetz et al., 1996a; Brunk and Hammer, ?ONH TONH TONH

1997; Brunk, 1997). Although st sLe?, and HSQLe* CHCH, CHCH, CHCH,—+

(an sL&-related structure in which sialic acid is replaced by 1 15 4
B

HSQO,) produced rolling, adhesive interactions on both E-

and L-selectin surfaces, it is still unclear whether P-selectin/

sLe® interactions, which are of similar affinity, are suffi- Sugar — O(CH — Biotin
cient to support adhesion under flow. Consistent with the ( 2)3NHCO(CH,)sNH

idea that sL& could support rolling adhesion on P-selectin, C
affinity and kinetic measurements between %lamd each

of the selectins, IndUdmg P-selectin, show great SIrmlarlt).’lQ.EK.Fc chimera. Y-shaped symbols indicate tyrosine residues, and the
(‘JaCOb et al_" 1995; Poppe et al:, 1997)' Because adhes"ﬂmad circle indicates the O-linked glycosylation site at threonine Baarfd
under flow is ultimately determined by such parametersc) structures of multivalent and monovalent (respectively) carbohydrate
(Chang, 1996; Hammer and Lauffenburger, 1987; Hammeprobes. Molecular weights are30,000 kDa for the multivalent form and

and Apte, 1992), we would expect similar adhesive behay3000 Da for the monovalent form.
ior to be mediated by sPeand each of the selectins.
In the current work, we extend our findings, using a
cell-free system, to show that these same carbohydrates cémylated sL&, sL&, HSO;Le*, and Lewis' (LeX) were used as part of a
also mediate dynamic adhesive interactions on P-selectin, jpplyacrylamide matrix containing multiple biotin and carbohydrate groups,

the absence of more complex gl coprotein structures W&/ithamolecular mass 0f30,000 kDa. The multivalent structure is shown
Yy ’ In Fig. 1 B, where “sugar” represents the carbohydrate group of interest.

compari the rolling dynamics mediated by éLe;Lé? Fig. 1C shows the structure of monovalent ¥levhich is separated from
HSGOsLe™, and a soluble Ig construct of PSGL-1 modified a single biotin group by a nine carbon spacer arm. This molecule has a

by both tyrosine sulfate and sfeWe find that tyrosine  mass 0f~3000 Da.

sulfation modulates (improves) rolling but is not required

for rolling, in contrast to.what.mlght be mferrgd from the Preparation of substrates
measurements of other investigators. In addition, we show
that at nearly equivalent site densities, both multi- andnterior divisions of one-half of eight well, Flexiperm gaskets (Heraeus
monovalent sL® can mediate roIIing adhesion on P_Se|ec_lnstruments, South Plainfield, NJ) were removed to create single wells.

tin. indicating that ltival . t ired f dhesi Modified gaskets were placed on microscope slides cut from 100-cm-
In, Indicating that multivalency IS not required for a esmndiameter bacteriological polystyrene dishes (Becton Dickinson, Bedford,

to P-selectin. MA). sP-Selectin was diluted to the desired coating concentration in
binding buffer (0.1 M NaHC@ pH 9.2), and 80Qul was incubated on
slides fa 2 h atroom temperature. For most experiments, surfaces were

FIGURE 1 Structures of immobilized ligands.A)( Schematic of

EXPERIMENTAL METHODS coated with 1Qug/ml of sP-selectin. Surfaces were then washed once with
Dulbecco’s phosphate-buffered saline (DPBS) (pH 7.4) containing calcium
Adhesion molecules and antibodies and magnesium ions (Sigma, St. Louis, MO) and incubated with.8@®

a heat-denatured solution of 2% bovine serum albumin (BSA) in DPBS for
Soluble, recombinant P-selectin (sP-selectin), containing the entire extras minimum of 30 min. Before use in laminar flow assays, slides were
cellular portion of the molecule, was expressed in Chinese hamster ovany, - pated for 2 min with 1% Tween 20 in DPBS. All slides were prepared
cells and purified by conventional chromatography. A soluble Ig constructe same day as the experiments in which they were used. Control surfaces
of PSGL-1 (19.EK.Fc) was described earlier (Goetz et al., 1997). 19.EK.Fere prepared using the BSA blocking step only, or by incubating with 800
consists of the N-terminal 19 amino acids of mature PSGL-1 and is 8,1 (20 wg/ml) of anti-selectin antibodies in DPBS with 1% BSA and 0.01%

mixture of isoforms. It is differentially modified by sulfation of tyrosine ¢qqium azide (DPBS) for 1 h. This additional step was completed after
residues and semodification of anO-glycan at Tht®. Fig. 1Ashowsa  gga blocking of the surface.

schematic structure of the 19.EK.Fc chimera, including three sulfated

tyrosine residues and a single O-linked glycosylation site. Anti-P-selectin

monoclonal antibodies (mAbs) G1 and WAPS were purchased from Ancelpyotein iodination

Corporation (Bayport, MN) and Zymed Laboratories (San Francisco, CA),

respectively, and anti-E-selectin mAb BB11 was purchased from BerkeleynAb G1 (100ug) was iodinated with 1 mCi of carrier-free K& (Am-
Antibody Company (San Francisco, CA). Anti-sLenAb HECA-452, ersham Pharmacia Biotech, Piscataway, NJ), using an lodobead method
anti-PSGL-1 mAb KPL1, fluorescein isothiocyanate (FITC)-labeled anti- (Pierce Chemical, Rockford, IL). Unreact&® was removed by the use of

rat IgM, and FITC-labeled anti-mouse Ig@ere purchased from Pharm- a 5-ml gel filtration column (D-Salt; Pierce Chemical) equilibrated in
ingen (San Diego, CA). All biotinylated carbohydrate probes used in thiselution buffer (100 mM NgHPQO,, 150 mM 1% BSA, 0.01% sodium
work were purchased from Glycotech (Rockville, MD). Multivalent, bio- azide). Postcolumn fractions were collected and examined for labeled

Biophysical Journal 79(2) 694-706



696 Rodgers et al.

protein content on a Cobra Quantum 5002 gamma counter (Packard I'Flow cytometry
strument Company, Meriden, CT). Fractions corresponding to the labeled
protein peak were combined, aliquoted, and stored for use in bindind-or bead preparation, all steps were performed at room temperature, using
assays. Specific activity was determined by comparing trichloroacetic acidPPBS" for bead washing and dilution of antibodies. Neutrophil prepara-
(60%)-precipitated and unprecipitated cpm on precolumn samples of readions were kept on ice, and HBSSwvas used for cell washing and the
tion mixture. The antibody concentration was determined from cpm ondilution of antibodies. Before analysis of expression levels, saturating
postcolumn fractions and specific activity. The procedure yielded antibodyconcentrations of all primary and secondary antibodies were determined by
with a specific activity of 1.8uCi/ug and a concentration of 9@g/ml. titration of antibody coating concentrations, binding to ligand-coated
beads, and examination of peak fluorescent values obtained from fluores-
cence histograms. For analysis of $Lgroups, 18 beads or neutrophils
were incubated for 45 min with 50l of HECA-452 (20ng/ml). Beads and
Determination of selectin site density cells were then washed twice and incubated for 30 min withub®f
secondary, FITC-labeled anti-rat IgM mAb (2@/ml). After the second-
Sixty microliters of sP-selectin in binding buffer (at concentrations corre- gry incubation, beads and cells were washed three times and fixed with 1%
sponding to those used in laminar flow assays) was adsorbed to Umreat‘?grmaldehyde in DPBS. Similar procedures were followed to quantify the
polystyrene wells in a remove-a-well strip arrangement (Evergreen Scienamount of chimera immobilized on protein A beads and the number of
tific, Los Angeles, CA). Adsorption continuedrf@ h atroom temperature, psggl-1 groups present on neutrophils. In this case, mAb PSL275 (Kumar
followed by washing three times with DPBS. Wells were then blocked forgt 4, 1996) or KPL1 (10ug/ml) and FITC-labeled anti-mouse IgG
2 h with 300l of a heat-denatured solution of 2% BSA in DPBS. After secondary antibody (2Q.g/ml) were used. In the preparation of protein
blocking, wells were incubated fd. h with 60 ul of a saturating concen-  A.coated beads for analysis, after binding of 19.EK.Fc and before labeling
tration (3 ug/ml, data not shown) of labeled G1. Wells were washed five yith primary mAb, beads were incubated for 30 min with 10@/ml of
times with DPBS, broken apart, and placed in tubes for gamma counting,man IgG. This was done to block any remaining, unbound protein A
To measure nonspecific binding, labeled G1 was added to wells treated agtes that might have otherwise reacted with the Fc portion of labeling
above, to which no sP-selectin had been added. Specific binding wagntipodies. Bead controls were performed by incubating primary and
calculated as cpm bound to selectin-coated wells minus cpm bound to We”§econdary antibodies, as described, under conditions where no antigen
blocked only with BSA. Site densities were calculated based on saturatiO(gLex or 19.EK.Fc) was immobilized on the bead surface. Neutrophil
binding, assuming binding of one antibody per adhesion molecule/antigen:ontrols were performed by incubating cells with FITC-labeled secondary
antibody in the absence of primary antibody staining. Cells and beads were
analyzed on a Becton Dickinson FACScan Flow Cytometer (Becton Dick-
. . inson, San Jose, CA). Histogram peak analysis was completed using
Preparation of microspheres WinMDI software (freeware from Scripps Research Institute FACS Core

Microspheres (beads, 108m diameter, Superavidin-coated and 10.@- Facility, La Jolla, CA).

diameter, protein A-coated) were purchased from Bangs Laboratories
(Fishers, IN). Biotinylated, multivalent ste sLe®, HSO,Le*, LeX, or L .
monovalent sL® was diluted to the desired coating concentration in D_etermm_atlon of carbohydrate and chimera
DPBS' for attachment to Superavidin beads. For most experiments, Site density

coating concentration of 0.ag/ml of carbohydrate was used. Similarly, . . . .

. Flow cytometry was used to estimate adhesion molecule site densities on
19.EK.Fc was prepared for attachment to protein A-coated beads. Fottﬁe surface of microspheres (Brunk and Hammer, 1997). Quantum 26 and
laminar flow assays, fheads were incubated with 1@0 of biotinylated P ' .

; . . uantum 24 (Flow Cytometry Standards Corporation, San Juan, Puerto
carbohydrate or 19.EK.Fc for 45 min at room temperature, with occasmnag ( y Y P

. ) . ico) beads were used to create a calibration curve to relate the peak
vortexing. Beads were then washed three times in DP&&I resuspended ) . . ) P
. . . . ) fluorescence intensity channel number to molecules of equivalent soluble
in 2 ml of DPBS" until ready for use in adhesion experiments. For control

studies, beads were coated withug/ml o-biotin in DPBS". quorescenc_e. Given the F/P_ rat_io of the FITC-labeled secondgry antiquies
and assuming one-to-one binding between secondary and primary antibod-

ies, as well as between primary antibody and antigen, the number of

adhesion molecules on the surface of the beads could be calculated. This

procedure was used to estimate site densities of multivaleri, sheno-

valent sL&, and 19.EK.Fc on beads, as well as the site density of PSGL-1

Venous blood was drawn from healthy adults into sterile tubes containing®n human neutrophils. Site densities of Sl(gono- and multivalent) were

EDTA anticoagulant (Vacutainer; Becton-Dickinson, Franklin Lakes, NJ), determined using the HECA-452 mAb, and site densities of 19.EK.Fc and

and a One_step Fico”.Hypaque density gradient (Neutroph” Isolation MePSGL-l were determined Using the KPL1 mAb. Because the multivalent

dium; Cardinal Associates, Sante Fe, NM) was used to separate neutrarbohydrate probes differ only in their terminal sugar residues, it is

phils. Anticoagulated blood (3.5 ml) was layered over 3 ml of separationassumed that site densities determined for multivalent sagply to

medium in a sterile 1% 100 mm plastic tube and centrifuged at 1000 ~ Multivalent sL& and HSQLe* probes for equivalent coating concentra-

g for ~80 min. This centrifugation time was found to be optimal for tions and incubation conditions.

eliminating red blood cell contamination of the neutrophil band, obviating

the need for the addition of red blood cell lysing agents. After centrifuga- .

tion, the neutrophil band was removed with a sterile 18G needle and-aminar flow assays

syringe and placed into 10 ml of Hanks’ balanced salt solution (HBSS

Isolation of human neutrophils

.~ A tapered-channel, parallel-plate flow chamber, similar to that described
0,
(HBSS, 10 mM HEPES (pH 7.4), 2 mM €2 0.5% human serum albumin by Usami et al. (1993), was used for laminar flow assays. In the tapered-

(HSA)) until use in adhesion assays or flow cytometry. Neutrophils were . o ;
L . ) L ) channel design, wall shear stresg, varies linearly along the center axis
used withn 4 h ofisolation. Over this time course, morphological as well ;
; . B .. of the flow chamber according to
as flow cytometric analysis (CD18 expression) indicated no cell activation

because of the low concentration of Laions in the storage buffer. 6uUQ z
Viability was routinely greater than 95%, as determined by trypan blue T = 2( — )
exclusion. hw, L

Biophysical Journal 79(2) 694-706



sLe* Rolling on P-Selectin 697

where u is the fluid viscosity,Q is the volumetric flow rateh is the  with multivalent sL& in a series of coating concentrations.
channel heightw, is the channel entrance width,is the channel length, Fig. 2 B displays the fluorescence shift due to beads coated

andzis the axial position from the inlet. The tapered channel template was, -
cut from 0.01-inch-thick, reinforced Duralastic sheeting (Allied Biomedi-iNIth monovalent sLE structures. A range of CarbOhydrate

cal, Goose Creek, SC) and was placed over slides coated with adhesiéPating concentrations was examined, for both mono- and
molecules. The slide and template were then placed in the bottom well omultivalent molecules, to try and match expression levels
the flow chamber assembly, and the top was secured. The flow chambdsetween beads and neutrophils, and between mono- and
was mounted on the stage of a Nikon Diaphot inverted microscope withmltivalent sL&-coated beads. The values listed in Table 1

phase-contrast optics (Nikon, Tokyo, Japan), and positions in the flowg .\, that the amount of sfeon beads coated with multi-
chamber were monitored using Nikon stage calipers (Nikon, Melville,

NY). The chamber was flushed with perfusion buffer to remove air bubblesValent sL& at 0.25ug/ml (92 siteskm?) closely matches
(DPBS' for experiments with beads and HBSSor experiments with  the level of sLé& on beads coated with monovalent $lat 5
neutrophils), beads or cells were injected into an entrance reservoir, anp,g/ml (65 sites,hmz), Fig_ 2C shows the results of HECA-452
flow was initiated with a syringe pump (Harvard Apparatus, South Na“CkaabeIing of human neutrophils. As indicated by the values in

MA). Experiments were recorded with a Cohu black and white CCD : . - sl
camera (Cohu, San Diego, CA) and a Sony SVO-9500MD S-VHS recorde;rabIe 1, atthe highest coating concentration o d(05

(Sony Medical Systems, Montvale, NJ). For each experiment, chambef’*g/ml)' the site denSity Of.Sﬁeon bgads Was_ similar to that
height (gap width) and flow rate were measured to calculate the range diound on human neutrophils. Labeling experiments performed
wall shear stresses obtained. Bead and cell interactions with the surfacgith other anti-sL& antibodies (CSLEX-1 and KM-93) pro-
were observed along the center axis of the flow chamber and recorded fQjced similar results (data not shown).
:22?; daer;a:ﬁst'ﬁ'e E‘ngog:ﬁL;t‘:'gjﬁgthO”t caleium, 5 mM EDTA was g\ iface densities of 19.EK.Fc immobilized on protein
' A-coated beads and PSGL-1 on human neutrophils were
also measured. Fig. B} andE, shows typical fluorescence
Data analysis histograms obtained. As with sfga range of 19.EK.Fc
B , ~ coating concentrations was examined, to try to match the
Bead and cell position measurements were obtained through digital imagg, jn|gical expression of the full-length molecule on human
analysis of video records of adhesion experiments, using LabView soft- hils. Bef . PSL275 label PSGL-1 ei
ware (National Instruments, Austin, TX) on a Gateway 2000 computerneUtrOp lis. be O.re u§|ng to labe -1 epitopes,
(Gateway 2000, Sioux City, SD). Instantaneous velocities and pause timwe attempted to identify the number of sLgroups on these
distributions were analyzed using Matlab software (The Math Works,beads by staining with HECA-452. However, HECA-452
Natick, MA) on a Unix workstation (Silicon Graphics, Mountain View, showed no reactivity against the 19.EK.Fc chimera. Because
CA). Rolling fluxes were determined by manually counting the number of s, ohimara was produced in Chinese hamster ovary cells, it
rolling beads or cells within a field of view and dividing by the elapsed lich L. in al lati h d
time, as indicated by a time stamp on video images, and viewing area (0.39"ay possess slight variations in glycosylation when Compare
mn?). Only particles continuously rolling for at leas s were used in 0 human forms of the same molecule. As a result, such ligands
calculations of average rolling velocities. Average rolling velocities re- may retain their adhesive properties but may not be recogniz-

ported represent the mean velocity of at least 10 particles for every valugple to monoclonal antibodies raised against the human form
of wall shear stress included. Instantaneous rolling velocity data wags particular Carbohydrate epitopes
obtained every 30th of a second and was used to determine velocity '

variance,oy, and pause time distributions. Pause time distributions were

obtained from position versus time data, where pauses were defined aé . .
; ! X e . arbohydrate-coated microspheres bind
periods of time during which instantaneous velocity was equal to zero.

Average instantaneous rolling velocit§V,..), is an ensemble-averaged SPecifically, under flow conditions, to P-selectin

tity, tak lati f 10 rolli ticles. Likewise, th o . .
duantity, faken over a popuiation of -3 T0Ting pariicles. LIKEWISe, e rha gpacificity of interaction between st-eoated beads
velocity variance reporteds,, is an ensemble-averaged quantity, taken

over the same 10 particles. and P-selectin surfaces was examined by quantifying bead
rolling fluxes. Fig. 3 shows results of rolling flux measure-
ments on surfaces coated with £8/ml of sP-selectin. In all
RESULTS experiments, nonspecific, firm adhesion was so low as to be
nearly undetectable. Radioactive binding studies indicated a
site density of 181 36 sitesum? for this coating concen-
tration. Adhesion of beads coated with multivalent forms of
To mimic the expression of carbohydrate groups on thesLe®, sLe’, HSO,Le®, or Le* was examined. st and
surface of cells, biotinylated sieligands or a truncated sLe*coated beads showed similar rolling fluxes, both of
PSGL-1 chimera (19.EK.Fc) were immobilized on the sur-which were slightly greater than that seen with beads coated
face of polystyrene beads precoated with either streptavidiwith HSO,Le*. Beads coated with the Eecarbohydrate did
(Superavidin) or protein A. Flow cytometry was then usednot interact with sP-selectin surfaces. As a positive control,
to quantify the “expression level” of immobilized ligand. sLe*-coated beads were infused over a surface that was
Fig. 2 shows representative fluorescence histograms indincubated with anti-E-selectin mAb (2Qg/ml) after the
cating the amount of carbohydrate/chimera on bead sumdsorption of sP-selectin and blocking with BSA. As
faces, and Table 1 lists ligand site densities. Fig.shows  shown, anti-E-selectin antibody had no effect on the rolling
fluorescence histograms obtained from beads incubatefiix of sLe*-coated beads. Negative controls included in-

Comparison of sLe* and PSGL-1 expression on
microspheres and neutrophils
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FIGURE 2 Fluorescence histograms of ligand-coated beads obtained by flow cytometgy HECA-452 binding to sL& epitopes. &) Streptavidin-
coated beads with 0, 0.1, 0.25, and Ad/ml multivalent sLé&. (B) Streptavidin-coated beads with 0 angl/ml monovalent sLeX.q) Human neutrophils.
(D andE) PSL275 binding PSGL-1 epitopes on chimera-coated protein A beads or human neutrBphtiotéin A-coated beads with 0 and 0,88/ml
19.EK.Fc chimera.K) Human neutrophils.

fusion of beads coated with D-biotin over an sP-selectinties, as a function of wall shear stress, are shown in Fig. 4.
surface, infusion of sl’&coated beads over a surface HSO,Le* -coated beads showed significantly faster rolling
treated only with BSA blocking solution, infusion of sk dynamics than sl’& or sLeé-coated beads at all values of
coated beads over an sP-selectin surface blocked with amall shear stress examined. A stress of 2 dyne$igas the
anti-P-selectin mAb (2ug/mL) before bead infusion, and highest wall shear stress at which H&@*-coated beads
inclusion of 5 mM EDTA in the perfusion buffer. All such could maintain stable rolling interaction with the surface for
treatments were equally successful in abolishing bead-suat least 3 s. In contrast, both st-eand sLé&coated beads
face interactions. were able to maintain stable rolling interactions up-~td
dynes/cm. sLe*- and sLé&coated beads showed compara-
ble rolling dynamics at low values of wall shear stress,
while sLe’-coated beads showed slightly faster rolling ve-
locities at higher values of wall shear stress.

Adhesion dynamics were found to be sensitive to both the
In addition to rolling fluxes, rolling velocities of beads number of adhesion receptors on the surface and the number
coated with sL&, sLeé®, and HSQLe* were calculated. of ligand groups immobilized on the beads. FigA Shows
Beads were coated with equal concentrations (@#&nl) of  the results of a series of experiments in which the surface
multivalent, carbohydrate probes and perfused over identidensity of sP-selectin was systematically varied. Popula-
cal sP-selectin surfaces, coated atufiml. Rolling veloc-  tions of beads with a constant number of ligand groups

Rolling dynamics are influenced by carbohydrate
structure, number of adhesion receptors, number
of ligands, and ligand valency

Biophysical Journal 79(2) 694-706



sLe* Rolling on P-Selectin 699

TABLE 1 Site densities of bead-immobilized and cell AT
surface ligands —_
[5] o] Le*
Ligand Sitesim? 2 I f eA ]
E 3 L L g
HECA-452-labeled multivalent se =2 - A psoLe 1
0.5 ug/ml sLe* 214 E: :
0.25 ug/ml sLe 92 2 ol ]
0.1 pg/ml sLe& 17 e ol 1
g 4
HECA-452-labeled monovalent ste = i } 1
5 pg/ml sLe 65 g &t { ‘% + ]
= i ]
HECA-452-labeled human neutrophils 414 % [ % i i i
@ 2 $ g ]
KPL1-labeled 19.EK.Fc 5 g. 1
0.85 ug/ml 19.EK.Fc 384 ; iﬂﬂ ;
0.12 ug/ml 19.EK.Fc 144 P I S I SV BV R
0 1 2 3 4 5
KPL1-labeled human neutrophils 48

Wall Shear Stress (dynes/cm z)

Saturating concentrations of both primary and secondary antibodies were
used to measure ste19.EK.Fc, and PSGL-1 site densities. Sldensities FIGURE 4 Rolling velocity as a function of wall shear stress for various

were determined using HECA-452, and 19.EK.Fc and PSGL-1 site densi-

. « ] ) o
ties were determined using KPL1. Diameters of Superavidin beads, proteiﬁarbOhydrate ligands (ste sLef, and HSQLe™) on P-selectin. Micro

. . spheres were coated with Ogg/ml of multivalent ligand, and surfaces
A beads, and human neutrophils are 10.9, 10.4, anghB15respectively. wpere coated with 1Qug/ml st]eIectinO L m ngeA' A, HSOLeX.

(multivalent sL& coated at 0.5.9/ml) were then perfused binding studies. At the lowest site densities used (3 sites/
. > .

over the different surfaces. sP-selectin coating concentra¢™"), SP-selectin surfaces supported very low levels of

tions used for these experiments were 10, 5, andy/ml steadily rolling beads, and beads were unable to maintain

corresponding to 18% 36, 46+ 35, and 3+ 3 sitesium? steady rolling interactions abovel dynes/crf for 3 s or

as determined by radiolabeled, anti-P-selectin antibod)more.Aparallel set of experiments was conducted_in which
the density of sP-selectin on the surface was fixed (10

pg/ml coating) and the amount of bead-immobilized carbo-

40 hydrate (multivalent s’§ was varied. sL® coating con-
; ] centrations used for these experiments were 0.5, 0.25, and
It ] 0.1 ug/ml, corresponding to 214, 92, and 17 sitasf.

Fig. 5 B shows the dependence of rolling velocity on the
density of immobilized carbohydrate ligand. As expected,
] our results demonstrate that increasing the number of adhe-
] sion molecules, on either side of the contact zone (bead or
1 surface), facilitates the formation of additional adhesion
bonds and hence retards the motion of rolling beads.

The influence of ligand valency on the dynamics of
b adhesion was also examined. Two sets of'steated beads
] were prepared: one with a multivalent form of biotinylated
. sLe* and one with a monovalent form of the same molecule.
To examine the effects of ligand valency, without artifacts
due to differences in absolute numbers of $lgroups,

Rolling Flux (beads/mm2 /min)

a = < E § coating concentrations of each probe (multi- and monova-
w b . . .
& B o, & g ] 2 F % lent) were titrated to deliver approximately equal numbers
o Yo =, & £ & & & of surface sL& groups. Fig. 2A andB, and Table 1 show
- = 0" 5 2 35 @ 2 = . . .
e = & , B g Ky Xy that coating beads with 0.28g/ml of multivalent sL& and
c I 0.5 ug/ml of monovalent sL® yielded site densities with

the closest agreement (muki 92 sitesium? mono = 65
FIGURE 3 Rolling bead flux on P-selectin. Rolling flux measurements sitesumz). Fig. 6 shows a comparison of rolling velocities

for variously treated beads, surfaces, and experimental conditions at a9 peads coated with multivalent and monovalent@Lazs
average wall shear stress of 0.55 dyne$/craxis labels describe bead

coating/surface coating/other perfusion buffer additives. Multivalent sLe described. At similar S_Ite den5|t|es, both mono__ and_ multi-
was used for all control experiments. sP-selectin kgml) (181 sites/  valent sL& support rolling adhesion on P-selectin, with the
um?) was used for all measurements. monovalent form supporting only slightly faster rolling.
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FIGURE 5 Rolling velocity as a function of wall shear stress for’sba P-selectin, with varying receptor and ligand densi#y. Yariation in bead

rolling velocities due to differences in the number of adsorbed sP-selectin receptors. Measurements were completed with beads coated Witm214 sites
of multivalent sL&. O, 181 sitesum? M, 46 siteshm?, A, 3 siteskm?. (B) Variation in bead rolling velocities due to differences in the number of
immobilized, multivalent sL# ligands. Measurements were completed with surfaces coated with 18JusifesP-selectinO, 214 sitesim?, W, 92
sitesfum?; A, 17 sitespum?.

Comparison of truncated PSGL-1-mediated, rolling velocities similar to that seen with beads coated with
sLeX-mediated, and neutrophil adhesion 0.5 ug/ml sLE* (214 siteshm?). A coating concentration of
0.85ug/ml 19.EK.Fc (384 sitegim?) yielded higher ligand

Fig. 7 A shows a comparison of rolling dynamics among gypression and hence significantly slower rolling velocities.
beads coated with different concentrations of 19.EK.FC ant\¢ 5,ch concentrations, the sensitivity of rolling velocity to

multivalent sL&. As with sLe’-coated beads, rolling dy- changes in wall shear stress is also seen to be greatly

namics of chimera-coated beads show sensitivity 10 theaq,ced. Fig. 78 shows rolling velocities of sU&coated

amount of ligand immobilized on the bead. Beads Coate‘i’nicrospheres (0.5:g/ml), 19.EK.Fc-coated beads (0.8§/
with 0.12 ug/ml of 19.EK.Fc (144 sitepm?) displayed )y and human neutrophils on P-selectin surfaces. Adhe-

sion experiments with sl and chimera-coated beads
were performed on 1@.g/ml sP-selectin, and experiments
with neutrophils were completed on surfaces coated with
either 10 or 0.5ug/ml sP-selectin. On surfaces coated with
10 pg/ml of sP-selectin, neutrophils showed rolling dynam-
ics that were significantly slower than that of Sieoated
o) ] beads. However, rolling dynamics of beads coated with
] 19.EK.Fc chimera closely approximated the behavior of
neutrophils on these surfaces. At a much lower concentra-
tion of sP-selectin (0.mg/ml), neutrophil rolling velocities
‘% ] were similar to those seen with st-eoated beads rolling

(ﬁ } ﬁ + ] on the higher (1Qug/ml) concentration of sP-selectin. Sur-
{’{,_'}E
L

30 35

15 20 25

10

faces coated with 0.;ug/ml sP-selectin were unable to

O monovalent sL& support any level of slecoated bead adhesion.
B pultvalent sLE

Average Rolling Velocity (nm/sec)
5

[ W ET SR S TR ST R
0 05 1 15 2 25 3 35 4 Instantaneous velocity traces and pause

Wall Shear Stress (dynes/cm 2) time distributions
_ ' _ For another comparison of rolling dynamics among the
FI'GURE '6 Comparison of adhesion dynamlpg between beads goateaiﬁerent carbohydrate probes studied, as well as between
with multivalent and monovalent ste Superavidin beads coated with bead d lls instant l lociti £ li d
either 0.25ug/ml multivalent sLé& (92 sitesium?) or 5 wg/ml monovalent €ads and cells, Instan angous rofling ve QCI 1es o Iga_n B
sLe® (65 siteshm?) were perfused over surfaces coated with dgyml coated beads and neutrophils on sP-selectin were examined.

sP-selectinO, monovalentfl, multivalent. Fig. 8 shows representative instantaneous rolling velocity
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q
St ]
3_ i% — support pausing/tethering under flow. A quantitative com-

2 Brunk, 1997), a monotonic increase in the variangg,and
- AR R R R the average velocityV;,sy, is evident. From instantaneous
S ] ) . o
S QI| O 2siewum® mvsentste® A ] vglocny data, pead-gell pause time distributions were ob-
g B 144 sitewpm® 19 EK o ] tained. Pause time distributions represent pauses due to an
3 o 4 34 sitewpm® 19 EK Fe ] ensemble of adhesion bonds and therefore cannot be di-
& QL % ] rectly related to single bond kinetic and mechanical prop-
§ erties without substantial theoretical analysis. While ample
S 2 1 numbers of low-affinity carbohydrate ligands for P-selectin
&0 b ] clearly yield rolling adhesive interactions on P-selectin sur-
% faces, single carbohydrate/P-selectin bonds were unable to
=
%]
on
~
St
[
>
<

b ] parison of means of the pause time distributions for the

T @gi ] various P-selectin ligands is also shown in Table 2. Mean

Foom wax & 31 2 pause times indicate that HS@*-coated beads, which
e :*U'F'“*""“ e wE display the fastest rolling dynamics of all ligands studied,
TN O 214sitesum® multivalent sLe X B have few pau.sing interactions, each of short duration! with

| & 334 siewum? 196K R ] the sP-selectin surface. In contrast, beads coated with the
o[ tes’im 19, LRFo ] - .
— [| © neurophilson 10 pmLsP ] 19.EK.Fc chimera show a greater number of pausing inter-
o HT_neutonhilson 0.5 ug/ml P ] actions, for longer duration, with the surface. As expected,
—t ] based upon average rolling velocity data reported earlier,
oo L ] pause time distributions for si‘e and sLé&coated beads

{ ] appear very similar. Because of the lower surface concen-
o [% { . tration of sP-selectin used for neutrophil data (R&/ml),
X { ] neutrophil pause times appear similar to those obtained
] using beads coated with st® Thus the difference in
] affinity between the full-length PSGL-1 expressed by neu-

Average Rolling Velocity (um/sec)

Nr % s ¢ ] trophils and the carbohydrates expressed on the beads is
IR & : .
o ee®® 20 0 2] seen to be counterbalanced by the difference in surface
0 05 1 15 2 25 3 35 4 concentration of sP-selectin. This finding reflects the sen-
Wall Shear Stress (dynes/cm %) sitivity of pause time data to the number of adhesion bonds

involved in the interaction.

FIGURE 7 Comparison of sleand 19.EK.Fc adhesion to sP-selectin.

(A) Rolling velocities of beads coated with multivalent $L(@.5 wg/ml) or

two different concentrations of 19.EK.Fc chimera (08§/ml and 0.12

ng/ml) on 10u/ml sP-selectinO, 214 siteskm? multivalent sL&; B, 144 ~ DISCUSSION

sitesfum?® 19.EK.Fc;A, 384 sitesim? 19.EK.Fc. B) Adhesive behavior of . .
neutrophils in comparison to that obtained with multivalent>se.5 ~ Previous work in our laboratory has shown that beads

pg/ml)-coated and 19.EK.Fc (0.88g/ml)-coated microspheres. Neutro- coated with sL& and related structures (st.eHSO,Le™),
phils were perfused over sP-selectin surfaces coated at eitheg/hfl or under flow conditions, can bind to and roll on surfaces
0.5 ;uug/ml_. 19.EK.Fc-coated and sfeoated bead_s werg perfu._lsed over ~nated with either E- or L-selectin (Brunk and Hammer,
sP-selectin surfaces coated at £9/ml. [J, 214 siteskm® multivalent . .
sL&; #, 384 sitestm? 19.EK.Fc: ¢, neutrophils on 10ug/ml sP- 1997; Brunk, 1997). In th_ese studlgs, acell—_free system was
selectin; ¥, neutrophils on 0.5.g/ml sP-selectin. used to completely specify adhesion chemistry and clearly
identify and characterize carbohydrate ligands for both E-
and L-selectin. To more closely examine molecular require-
traces for the beads and cells examined (Fig-&) and the  ments for adhesion to P-selectin, we used a similar approach
associated pause time distributions (Figi-&). Bead mea- in which carbohydrate-coated beads were perfused over
surements were performed on surfaces coated with 1B-selectin surfaces. The sialomucin ligand PSGL-1 has been
pa/ml sP-selectin and neutrophil measurements on surfacedentified as the high-affinity leukocyte counter receptor for
coated with 0.5ug/ml sP-selectin. A distinguishing charac- P-selectin and reportedly depends on the presence of N-
teristic of all instantaneous rolling velocity plots is the terminal tyrosine sulfate moieties for complete binding ac-
“noisy” appearance of the data. This feature reflects theivity (Pouyani and Seed, 1995). We have show that‘sLe
probabilistic nature of the breakage of adhesion bonds undex concise element of the more complex recognition that is
applied forces. Table 2 lists average instantaneous rollingwvolved in the binding of PSGL-1, is capable of mediating
velocities (V;,s», and associated varianasg,, for the pop-  adhesive interactions with P-selectin. Thus we find that
ulations of beads shown. As previously shown for E- andunder flow conditions tyrosine sulfation is not required for
L-selectin/carbohydrate interactions (Brunk et al., 1996functional recognition of P-selectin. Rather, its presence
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TABLE 2 Ensemble-averaged, instantaneous rolling rolling velocities that can be achieved with beads coated
velocity parameters with this molecule. That the 19.EK.Fc chimera captures the

Vi (umis) o, (um?/s?) Mean pause time (s) essential features of the full-length PSGL-1 ligand is seen
L& 185 10.48 0.095 by -the similar roIIi_ng velocities.obtained with neutrophils
sLe 1.59 7.22 0.099 rolling on an identical sP-selectin surface (@€8/ml). On a
HSO,LeX 12.28 97.79 0.055 lower concentration of sP-selectin (Qug/ml), neutrophils
19.EK.Fc 0.42 134 0.184 rolled with velocities similar to those of carbohydrate-
Neutrophils 2.60 34.15 0.094

coated beads on higher densities (d@/ml) of sP-selectin.
Values reported correspond to instantaneous rolling velocity data shown iQur results demonstrate that although they are sensitive to
Fig. 8. Data were collected at an average wall shear _stress of 0.53 dyneglyhesion molecule site density, high- and low-affinity li-
cn? for 10 rolling cells (for each ligand studied), acquired at 30 frames/s. . . L . . .
gands can indeed yield similar adhesive behavior. This
effect is also seen with molecules that mediate binary ad-
appears to strengthen interactions between*saed P-  hesion rather than rolling (Swift et al., 1998).
selectin. An interesting and puzzling effect we observed was how
As found with E- and L-selectin, the Fetrisaccharide ligand (bead) or receptor (surface) molecular density influ-
showed no adhesion to P-selectin surfaces. However, witanced adhesion dynamics. Using $tepated beads and
additional sialylation (s, sLé”) or sulfation (HSQLe™), sP-selectin-coated surfaces, at approximately the same mo-
rolling adhesion was restored. Beads coated with eithelecular density, we found that rolling velocity was much
mono- or multivalent sL’& exhibited rolling interactions on more sensitive to changes in sP-selectin density (Fig) 5
P-selectin surfaces, the dynamics of which were sensitive tthan to changes in stedensity (Fig. 5B). This effect was
both receptor and ligand density, as well as to wall sheaglso seen in sLemediated rolling on E-selectin (Brunk and
stress. Thus multivalency of the selectin ligand is not re-Hammer, 1997). Perhaps when ligand or receptor density is
quired for rolling on P-selectin. For the density of monova-limiting, small changes in expression lead to larger changes
lent sL& used (65 sitegim?), we estimate the intramolec- in adhesion. In this case, we see that increases in sP-selectin
ular spacing to be-140 nm, suggesting that the ligand is site density improve adhesion, while increases in*stiée
not pseudomonovalent. Compared to data obtained for botttensity, beyond a certain point, do not. The fact that‘ske
E- and L-selectin, rolling fluxes of carbohydrate-coatedpresented on a kinematically mobile surface may influence
beads on P-selectin appear to be of the same order dfhie adhesion observed in ways that should be examined
magnitude. This indicates that the three selectins are equallyore closely, using techniques such as the adhesive dynam-
capable of interacting with simple, stdike carbohydrates. ics algorithm developed in our laboratory (Hammer and
Rolling velocities on E-selectin surfaces show magnitudes\pte, 1992).
similar to those obtained on P-selectin, while rolling veloc- In an attempt to examine the kinetic and mechanical
ities on L-selectin surfaces are significantly faster (on theproperties of P-selectin/carbohydrate bonds, we analyzed
order of~100um/s). Furthermore, in contrast to L-selectin, instantaneous rolling velocity data. Such data have been
carbohydrate-coated beads rolling on E- (and now P-) sedsed to obtain tethering or pause time information, from
lectin did not exhibit any shear-threshold effects (Brunk,which unstressed kinetic off-rates can be obtained (Alon et
1997; Greenberg et al., manuscript submitted for publicaal., 1997; Chen and Springer, 1999; Smith et al., 1999). By
tion) in which the rolling flux goes through a maximum completing experiments at different values of wall shear
with increasing shear rate. stress, bond mechanical properties can also be extracted.
We also compared the adhesion of carbohydrate-coateguch analysis fails when low-affinity selectin/carbohydrate
spheres to that mediated by high-affinity P-selectin ligandsbonds are examined using beads. A density of sP-selectin of
This was done by examining the adhesion of both neutro3 sitesium? (1 ug/ml) was the lowest density for which
phils and of beads coated with a chimeric proteinadhesive interactions were observed, and at this concentra-
(19.EK.Fc) containing the N-terminal, 19 amino acid se-tion beads continued to show rolling interactions with the
guence of PSGL-1. These recombinant peptides are hetesurface. Distance versus time data, taken at these conditions,
ogeneously sulfated and glycosylated and possess the est-both 30 and 250 frames/s, showed no signs of quantal
sential information content of the full-length PSGL-1 tethering. We believe that it will not be possible to measure
molecule (Goetz et al., 1997; Sako et al., 1995). The greatequantal tethering with beads, because of a short lever arm,
affinity of 19.EK.Fc for P-selectin is evident from the low which results in forces on molecules that are too great to

FIGURE 8 Instantaneous rolling velocity traces and pause time distributivaB) (nstantaneous rolling velocities as a function of time for’sl.eLe®-,
HSQ,Le*-, and 19.EK.Fc-coated beads, and neutrophils, respectively. Data was acquired at 30 framapSauge time distributions corresponding to
instantaneous rolling velocities. Measurements were made at an average wall shear stress of 0.5Fdynesfanes coated with Jy/ml (sLe*-, sLe?-,
HSQ,Le*-, and 19.EK.Fc-coated beads) or Qu§/ml (neutrophils) sP-selectin.
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permit single bonds to survive for a measurable length oby quantifying adhesion molecule “expression levels” and
time. This conclusion is supported by recent simulations inmatching with levels on neutrophils and endothelium.”sLe
our laboratory of bead tethering using adhesive dynamicexpression on beads and neutrophils showed comparable
algorithms (data not shown). Pause time data reported heftevels, and site densities of surface-bound P-selectin were
represent behavior due to an ensemble of adhesion bondsund to be comparable to those used in similar experiments
The presence of multiple bonds, the loading of which iswith neutrophils (Lawrence and Springer, 1991; Moore et
distributed and breakage probabilistic (Chang and Hammel., 1995; Patel and McEver, 1997). As an alternative ex-
1996; Tees et al., 1993), prohibits extrapolation of our datglanation, perhaps the absence of sulfate groups on PSGL-1
to single-bond parameters, such as the off-rate and reactiv@ay in some way affect the conformation of the molecule
compliance (Alon et al., 1995; Smith et al., 1999). Otherywhen expressed on cells, rendering terminal*seoups
force probe techniques, such as atomic force microscopYjnavailable for binding. However, based on our findings,
the biomembrane force probe (Evans et al., 1995), or mipne must conclude that st é@self, without the assistance of
crocantilever techniques (Hwang and Waugh, 1997), argyfation, is fully capable of supporting rolling adhesion on
likely better suited for the measurement of single bondp_gg|ectin.

properties. However, our results provide interesting insights \y/hije shedding light on the relative role of glycosylation
into the dynamics of rolling adhesion mediated by theang tyrosine sulfation in P-selectin adhesion, this work may
carbohydrates studied. As seen in Fig. 8 and Table 254 have implications for tumor biology. Observations of
ligands for P-selectin display the following order of de- p_gejectin-dependent platelet/tumor (Karpatkin and Pearl-
creasm%(strgngt_h of adhesion: 19.EK FesLe ~ sLe® > _ stein, 1981; Kim et al., 1999; Stone and Wagner, 1993) and
HSQ.Le.. L'keW'S?' the varlance in instantaneous rolling tumor/endothelial adhesion underscore the importance of
yelocny Is seen to Increase in the same order as the decreaSc‘électin-carbohydrate interactions in tumor pathology. Al-
ing strength of adhesion. Interestingly, the means of th(?hough explicit data are lacking, indirect evidence suggests

§t0p-m§| dlsEr;Putlznngso follow .;hetﬁame tre?.dl(F|g. 8‘that low-affinity, P-selectin interactions may be operative in
V). e s and sL€ can provide the essential quan- ., o metastasis (Fukuda, 1996; Goetz et al., 1996b;

titative features of rolling, the addition of sulfation (as with Krause and Turner, 1999: Pottratz et al., 1996). In addition

19.EK.Fc) clearly reduces the rolling velocity, decreases th?o their presence on PSGL-1, <t as well as sL2epitopes

variance of rolling, and shifts the stop time distributions to .
) o . . are aberrantly expressed in great abundance on many human
the right. In fact, it is only with the 19.EK.Fc ligands that . . . i
. : tumor cells, especially carcinomas (Fukushima et al., 1984;
bead rolling dynamics come to closely resemble the quan- . ] . S
o . : : Hakamori, 1996; Magnani et al., 1982). Adhesive interac-
titative features seen with neutrophils on P-selectin. . _
tions between these carbohydrates and E-selectin have been

The results we present appear to be different from the

. / _ . .
findings of other investigators who have shown the abroga\-Ne” documented. Adhesion of st&-expressing metastatic

tion or even the elimination of P-selectin binding, in both cells to P-selgctm WOL_"d be c_:on3|stent W'Fh the findings
static and flow assays, after the elimination of sulfate moi_reported herein. Such interactions may facilitate the depo-

eties from PSGL-1 (DeLuca et al., 1995; Liu et al., 1998;sition of metastatic tumor cells in two ways. P-selectin
Pouyani and Seed, 1995). Even after such treatmenf,isLe €XPressed on the surface of platelets could bind t6<sar_rd

still expected to be present on the PSGL-1 molecule anos’Lea anngeps on tumor cells, accelerating the form_at_|on pf
based upon our findings, would be expected to SUIOIOOrllarge, muIt|ceIIuI_ar aggregates capable of embolizing in
adhesion to P-selectin. Static binding of 19.EK.Fc, containSmall vessels (Kim et al., 1998; Krause and Turner, 1999;
ing no tyrosine sulfate, to P-selectin, has been observegtone and Wagner, 1993). In a more direct manner;‘sLe
(Sako et al., 1995). Whether this is due to $ladone or in and sLé& antigens on tumor cells could bind endothelial
tandem with other PSGL-1 epitopes is unclear. In contrast?-selectin, facilitating the arrest of circulating tumor cells.
a recent study examining PSGL-1 adhesive determinant&he relationship between the activity of these carbohydrates
highlights the importance of the dual presentation of bothénd their glycoprotein environment has not been investi-
sLe® and sulfated tyrosine for high-affinity binding to P- gated. Whether additionalis elements on a glycoprotein
selectin (Leppanen et al., 1999). The absence of eithéf sLebackbone are necessary for P-selectin binding activity is not
or tyrosine sulfate renders the binding of a syntheticknown. Our findings suggest that further characterization of
PSGL-1 glycopeptide undetectable in equilibrium bindingtumor carbohydrate—P-selectin interactions is warranted and
assays. The synthetic peptide was also able to successfuligay add insight to the design of antimetastatic therapies.
inhibit the binding of neutrophils to P-selectin surfaces in

static adhesion assays. SiB-selectin adhesion under flow

was not addressed in either case. Receptor and/or ligand Si’Fﬁe authors gratefully acknowledge the support of the National Institutes

densities may partially explain differences seen, althoughy Health (HL 18208) to DAH and a NASA (Graduate Student Researchers
we have attempted to account for this effect in our studie®rogram) predoctoral fellowship to SDR.
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