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ABSTRACT. The majority of E- and P-selectin ligands in leukocytes and myelocytic or monocytic leukemia
cells are carried by transmembrane glycoproteins having a tandem repeat mucin-like domain through
which O-linked carbohydrate ligands are carried. However, determination of structure and adhesive function
of carbohydrates in glycoproteins is extremely difficult because of the extensive structural heterogeneity
and the scarcity of material for functional analysis. We have overcome this difficulty through use of
poly-LacNAc gangliosides isolated from a large quantity-efL(2 L packed) HL60 cells [Stroud, M. R.,
Handa, K., Salyan, M. E. K., Ito, K., Levery, S. B., Hakomori, S., Reinhold, B. B., & Reinhold, V. N.
(1996)Biochemistry 35758-769, 776-778]. We identified two major types of poly-LacNAc gangliosides
without the sialosyl-L&epitope as being capable of binding to E-selectin: (i) those having a sifgh3
fucosylation at internal GIcNAcs but not at the penultimate GIcNAc and (ii) those having dalbt&
fucosylation at internal GIcNAcs, excluding the penultimate GIcNAc. Gangliosides from group i above
did not show any adhesion under static conditions, but showed strong adhesion under dynamic flow
conditions. Gangliosides from group ii above showed adhesion under both static and dynamic conditions,
as did sialosyl-L& (SLe)-containing structures in previous studies. However,*Slamtaining poly-
LacNAc gangliosides are virtually absent or present in only trace quantities in leukocytes and HL60
cells. Poly-LacNAc gangliosides from groups i and ii above, lacking*Sitaucture, are the major
membrane components of leukocytes and HL60 cells. These carbohydrates, bound to lipid or to protein,
may therefore be the physiological epitope for E-selectin-dependent binding of these cells, particularly
under dynamic flow conditions.

Sialosyl-L& (SLe)! binds to E- and P-selectin (Phillips  sylation site (Moore et al., 1994; Sako et al., 1993). Many
et al., 1990; Polley et al., 1991) and is therefore generally human tumor cell lines expressing SLer SLe bind to
believed to be a binding epitope for neutrophils and myeloid E-selectin but do not bind to P-selectin unless PSGL-1
cells [for reviews, see Lasky (1995) and Varki (1994)]. expression is induced through transfection of its gene (Handa
However, there has been no unambiguous chemical dem-et al., 1995). E-Selectin ligand carriers in human leukocytes
onstration of the presence of Slia leukocytes, HL60 cells,  and most human cell lines have not been clearly identified,
or other hematopoietic cells, nor a demonstration of the fact although accumulated data suggest that they are O-linked
that SLé& functions as a binding epitope in neutrophils or glycoproteins, since E-selectin-dependent binding can be
myeloid cells under physiological conditions (see Discus- inhibited by incubation with benzyl-GalNAc.
sion). The major carriers of E- and P-selectin-binding  Therefore, determination of O-linked carbohydrate struc-
carbohydrate epitopes present in HL60 and U937 cells weretures as they relate to adhesive properties of carrier molecules
believed to be transmembrane proteins having O-linked (butis of crucial importance, although this is extremely difficult
not N-linked) structure, since benzyl-GalNAc, but not because of the extensive structural heterogeneity and the
castanospermine or swainsonine, reduces E- and P-selectinscarcity of material. An even greater problem is the fact
dependent binding of these cells (Kojima et al., 1992a). The that isolated O-linked oligosaccharide cannot be used for
best-characterized carrier molecule, expressed in hematofunctional analysis (see Discussion).
poietic cells, is PSGL-1, a disulfide-dependent dimeric type  To overcome these difficulties, we examined structures
1 transmembrane protein having a tandem repeat O-glyco-and E-selectin binding properties of lacto series gangliosides

present in human leukocytes and HL60 cells. A series of
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Table 1: Structures of Poly-LacNAc Gangliosides Used in This Study

Fr. Str. Cer ion*
7 1 NeuAca3Galp4GlcNAcB3Galp4GlecNAcB3Galp4GlepCer 546
8 2 GalB4GlcNAcp
GalB4GlcNAcB3Gglﬁ4GlcNAcB3GalB4GchCer 658/660
NeuAco3t
** 3 Galp4GlcNAcB3GalB4GlcNAcB3Galp4GlcBCer
NeuAco3L Fucti Fuc(?c
10-1 47 Galp4GlcNAcfB3GalB4GIcNAcB3Galp4GlcNAcB3GalB4GlcfCer  546/548
NeuAcZ Fucc?t
102 5t GalB4GleNAcB3Galp4GIcNACB3GalB4GlcNAcB3Galp4GlcBCer  546/548
NeuAci Fuc;
1222 6 Galp4GlcNAcB3GalB4GlcNAcB3GalB4GlcNAcB3Galp4GIcNACcP3Galp4GlcpCer  658/660
NeuAci Fucc?t (same as ACFH-18 antigen)
12-3a 7* Galp4GlcNAcB3GalB4GlcNACcB3Galp4GlcNAcP3GalB4GleNAcB3Galp4GlepCer 660
NeuAc03c Fucci Fucc?t
131 7 GalB4GlcNAcB3Galp4GlcNAcB3GalB4GleNAcP3Galp4GlecNAcB3GalB4GlepCer 548
NeuAco3L Fucc?c Fuco3c

14-a 9 GalB4GIlcNAcB3GalB4GlcNAcB3GalB4GlcNAcB3Galp4GleNAcB3GalP4GIcNACB3GalB4GlcBCer 548
3 3
NeuAco Fuca
14-b 10 GalB4GIcNAcB3GalP4GlcNAcB3GalB4GlcNAcB3GalB4GlcNACB3GalB4GIcNACB3GalB4GicBCer 548
3 3

NeuAca Fuca
14c 11¢ Galp4GlecNAcB3GalB4GleNAcB3GalB4GleNAcB3GalB4GlcNAcB3GalB4GleNAcB3GalB4GIcBCer 660
3 3 3

NeuvAco Fuca Fuca
14-d 12¢ GalB4GIcNAcB3GalB4GleNAcB3Galp4GIlcNAcB3GalB4GIcNACcB3GalB4GIcNACB3Galp4GIcpCer 660
3 3 3

NeuAca Fuca Fuca

*Cer ions indicate the following combinations of sphingosine (Sph) and fatty acids (FA): 546, Sph d18:1, FA 16:1; 548, Sph d18:1, FA 16:0;
658, Sph d18:1, FA 24:1; and 660, Sph d18:1, FA 24:0. **The compound containing this structure was originally isolated from colonic adenocarcinoma
(Fukushi et al., 1984). The compound used in the present study was enzymatically synthesized by fucosylation of Str. 1 (Holmes ef dlhel 986).
molar ratio of Str. 4 and 5 in Fr. 10 was 1:1. The subfractions are designated 10-1 and *107he molar ratio of Str. 7 and
X3NeuAcIX3FucVIIBFucnLgeCer in Fr. 12-3 was roughly 85:15. The subfractions are designated 12-3a and 12-3b. The molar ratio of Str. 7 and
X3NeuAcIX3FucVIIPFucnLgeCer in Fr. 13-1 was roughly 99:£.The molar ratio of Str. 912 in Fr. 14 was roughly 5:1:3:1. The subfractions are
designated 14-ad, respectively (Stroud et al., 1996b).

usually shared between glycoproteins and GSLs, theiretal., 1978). LgCer (GIcCNA@1—3Ga1—4Glcs1—1Cer;
E-selectin adhesive properties are obviously of physiological shown in boldface in structuré below) was the major
importance. degradation product released from Fr. 10-1, while a com-
pound with TLC mobility similar to that of Cer hexa-
MATERIALS AND METHODS saccharide was the major product from Fr. 10-2. This

GSLs and Monosialogangliosidesonosialoganglioside ~ compound was identified as GlcNAc-Leshown in boldface
fractions used for the adhesion assay are shown in Table 1in Structure2 below) on the basis of its conversion to the
All these compounds (except Stke*) were prepared from L€ Cer pentasaccharide with the jackbedsN-acetyl-

a large quantity of HL60 cells as described previously (Stroud hexosaminidase treatment. Thus, the major eftdadac-
etal., 1996a,b). Structures were verified by proton nuclear tosidase cleavage sites for Fr. 10-1 and 10-2 are as follows:
magnetic resonance spectroscopy, positive-ion fast atom

bombardment mass spectrometry, and electrospray mass! NeuAccx2—>3GalB4GNB3GalB4GNB3GaIB4lGNB3GalB4GlcCer
spectrometry with collision-induced dissociation of per- 3
methylated compounds as described previously (Stroud et
al., 1995, 1996a,b). Structures of Fr. 10-1 and 10-2 were > Ne“A°“2”3Ga'B“GN’”G"m“lcNB3G“'B4G]§B3G”"B“G'°C"
further confirmed by end@-galactosidase digestion (Fukuda Fuca  GlcNAc-Le*

Fuca Lcs
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Details of structural determination based on enzymatic
degradation will be described elsewhere.

SLe-Le* (VISNeuAc\PFuclll*FucnLgCer; Str. 3) was
produced from VANeuAcnLgCer by enzymatic fucosylation
using Colo205 fucosyltransferase.

To determine quantity of gangliosides adhering to poly-

styrene beads affixed to glass plates, and the resistance of

this adhesion to washing with water, gangliosidesgy(Fr.

9) were labeled by the periodate/NaB), method as follows.
Gangliosides (56100 ug) were dissolved in 10@L of 1
mM acetate buffer at pH 5.0 and kept in ice/water. One
hundred microliters of 1 mM NalPwas added, the mixture
kept on ice for 10 min, and glycerol added. The solution
was dialyzed overnight in a “Spectra/Por 3” dialysis tube
(Spectrum Medical Industries, Houston, TX), reduced for 1
h in 1 mM NaOH containing NaBH), (0.5 mCi), further
reduced fo 1 h incold NaBH,, and dialyzed against distilled
water. The®H-labeled gangliosides~5000 cpm per 1@g),
purified on C-18 silica gel column, were used for quantifica-
tion of gangliosides remaining on plastic surfaces in dynamic
flow experiments.

Handa et al.
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Ficure 1: Comparative adhesion of E-selectin-expressing CHO
cells to poly-LacNAc gangliosides with Ststructure and to those
without SLe& structure and having internal multiple fucosylation
(myeloglycan), coated on flat-bottom 96-well plates (Falcon,
Becton-Dickinson, Lincoln Park, NJ). Various quantities of gan-
gliosides as shown in Table 1 were coated on platesstdsabeled
E-selectin-expressing CHO cells (1 10° per 50uL per well;
~5000 cpm) in the presence or absence of mAb E1C«0.6f Ig

per 50uL per well) were overlaid fol h without agitation, followed

by a specific washing procedure as described in Materials and
Methods. Cells adhered to the bottom of each well were estimated

E- or P-Selectin-Expressing Cells and mAbs Which Block py s activity and converted to cell number (ordinate). Points

E- or P-Selectin-Dependent AdhesioBHO cells transfected

represent mean experimental minus control value in the presence

with E- or P-selectin cDNA were established as described of mAb E1C, + SE of triplicate experiments. No binding was
previously (Handa et al., 1995). E- or P-selectin-expressing observed with P-selectin-expressing cell®) GLe-Lex (Table 1,

transfectants were isolated by cytofluorometry using anti-
E-selectin mAb E1C or anti-P-selectin mAb P5A. These
mAbs were established through immunization of BALB/c
mice with E- or P-selectin-expressing NS1 cells followed
by fusion with NS1 cells (Handa et al., 1997). Inhibition of

Str. 3); @) Fr. 13-1 (Str. 7); and&) Fr. 12, a mixture of Fr. 12-2
(Str. 6) and Fr. 12-3a (Str. 7). The approximate molar ratio of Fr.
12-2:12-3ais 1:4: (shaded) Fr. 7 (Str. 1), (shaded) Fr. 10-1
(Str. 4), (shaded’) Fr. 10-2 (Str. 5), and (shadé&g) Fr. 12-2 (Str.

6).

E- or P-selectin-dependent cell adhesion was performed usingPf the plates. The plates were then turned right-side up and

these mAbs at 1@g/mL.

E-Selectin-Dependent Cell Binding to Various Poly-
LacNAc Gangliosides under Static Conditiongl) Static
Adhesion Assay Using 96-Well Plate&angliosides were
dissolved in 50% ethanol and serially diluted in 96-well

removed from the container, and PBS in each well was
removed by gentle aspiration. Bound cells were detached
with trypsin—EDTA and counted with a scintillation counter.
(2) Static Adhesion Assay Using Polystyrene Latex Beads.
To observe static adhesion with the same matrix used for

plates (the first well contained 200 ng), and plates were dried the dynamic adhesion assay, the following procedure was

at 37°C for 5 h. Gangliosides used were Shle* (Str. 3

in Table 1); poly-LacNAc ganglioside Fr. 10, containing 10-1
(Str. 4) and 10-2 (Str. 5); Fr. 12, containing 12-3a (Str. 7)
and 12-2 (Str. 6) (molar ratio of 12-3a:12-2-s}:1); pure
Fr. 12-2 (Str. 6); and Fr. 13-1 (Str. 7 with a Cer different
from 12-3a; see Table 1)3H-labeled poly-LacNAc gan-

used. Polystyrene latex beads withuth diameters (IDC
Sphere; IDC, Portland, OR), affixed to objective microscope
slides, were used as carriers of poly-LacNAc GSLs. Sixty
microliters of bead suspension (containing110'* beads/
mL) was placed in Eppendorf tubes and washed with absolute
ethanol three times. Sedimentedrh beads were suspended

glioside, coated on a 96-well plate, cannot be washed off in in 2 mL of ethanol. One microliter aliquots of the suspension
any aqueous medium and is recovered at 100%. Plates withwere placed on freshly opened microscope slides (Labcraft

the same serial dilutions of St&e* and poly-LacNAc

Superfrost Plus, Curtin Matheson Scientific, Houston, TX).

gangliosides were prepared for control cell adhesion in the Beads were distributed homogeneously on the glass surface

presence of EDTA or anti-E-selectin mAb E1C. Plates, both
experimental and control, were washed with PBS&and
blocked with 3% BSA in PBSK). E-selectin-expressing
CHO cells (Handa et al., 1997) were metabolically labeled
with [*H]thymidine overnight, detached with 0.02% EDTA,

within a circular spot with a diameter 6f1 cm. Slides were

heated at 150C for 50 s, which caused the beads to adhere
strongly to the surface so that they could not be washed off
by a water stream at various velocities. Gangliosides
dissolved in 2-propanol/hexane/water (55:25:20 by volume)

and resuspended in the binding buffer (1% FCS, RPMI, and were applied to latex beads affixed to the slides; namely, 1

10 mM HEPES at pH 7.4) at % 10° per milliliter. In
inhibition experiments, EDTA-detached cells were preincu-
bated with mAb E1C (1Qig/mL) at room temperature for
30 min. A 50uL aliquot of this cell suspension (containing
1 x 1P cells;~5000 cpm) was added to ganglioside-coated
wells and incubated at room temperature for 30 min. After
incubation, each well was filled with PB&]. The 96-well
plates were immersed in PBE) in a large container and

uL aliquots containing 58100 ng of ganglioside were placed
on the center of the circular spot. The ganglioside thus
became affixed to the bead surface. Plates were immersed
in 3% BSA in PBS¢) for 1 h atroom temperature and
washed three times with PB§].

Plates were overlaid with E-selectin-expressing CHO cells
freshly harvested and suspended in the binding buffex (5
1 cells/mL), and left for 15 min without moving. Washing

suspended upside-down above the bottom of the containerthree times with binding buffer was usually sufficient to

for 10 min to allow nonadherent cells to sediment (fall) out

eliminate nonadherent cells from beads. However, careful



Poly-LacNAc without SL& as an E-Selectin Ligand Biochemistry, Vol. 36, No. 41, 19972415

E- or P-selectin-Ig fusion
protein

{ l

poly-LacNAc ganglioside

coated on non-fluorescent coated on fluorescent
polystyrene sulfated beads sulfated polystyrene beads
(4 pm diameter) O (1 pm diameter)

]

mixed, incubated under continuous agitation |

I
or ‘O .OQ

determined by fluorescence microscopy or
cytofluorometry with appropriate gating

Ficure 2: (Left) Procedure for measuring binding of poly-LacNAc gangliosides to E- and P-selectin under continuous motion. (Right)
Fluorescence micrographs showing aggregation of nonfluorescent polystyrene beads coated with poly-LacNAc gangliosides and fluorescent
beads coated with the-Eselectin-Ig fusion protein, under motion. Coated poly-LacNAc gangliosides were as follows, for each micrograph:

(A) VI3NeuAcnLgCer (Str. 1in Table 1), (B) I¥NeuAcnLgCer, (C) Fr. 13-1 (ANeuAcVIIBFuc\eFucnLgCer; Str. 7)(D) Fr. 10 (mixture

of VIl 3NeuAcllBFucnLgCer and VIIENeuAc\fFucnLgCer; Str. 4 and 5; approximate molar ratio of 1:1), (E) 'SLe* (VI3NeuAc\eFucllI®-
FucnLgCer; Str. 3), and (F) SEg(IV3NeuAclliBFucnLgCer).

microscopic examination had to be repeated until the cells 1 um) (Molecular Probes, Portland, OR) were coated with
placed on control polystyrene beads were washed out. Plategoat anti-human IgG (Fc fragment specific) antibody (Jack-
were then fixed with 1% glutaraldehyde in PBS(and the son Immunoresearch Lab, West Grove, PA) according to the
number of cells adhered to the layer of poly-LacNAc manufacturer’'s protocol. Beads were washed three times
ganglioside-coated beads was counted. Essentially all thewith PBS and blocked with 3% BSA/PBS at°€ for 2 h.
3H-labeled poly-LacNAc ganglioside coated on beads was Blocked beads+5 x 10f) were mixed with 5 mL of the E-
recovered after plates were washed three times with bindingor P-selectin-1g fusion protein containing culture supernatant
buffer. (~1 ug/mL fusion protein) from CHO transfectants, at@
Determination of SelectinPoly-LacNAc Ganglioside In-  for 12—18 h. This mixing procedure was repeated twice
teraction Based on Aggregation of Coated Beads under more using new culture supernatant containing the fusion
Continuous Agitation To observe the binding of selectin protein. Beads were washed with PBS and incubated in 1
to poly-LacNAc gangliosides under motion, a sensitive mL of PBS containing 50ug of human IgG (Jackson
method was used (illustrated in Figure 2, left panel) in which Immunoresearch Lab). For control beads, human IgG was
two polystyrene bead systems (i and ii as follows) were used at lug/mL, instead of the fusion protein.
mixed. (i) Poly-LacNAc gangliosides having a single or  (3) Reactiity of the Two Bead Systems under Motion
double internal Fuc or S*ewvere coated on nonfluorescent Ganglioside-coated beads were mixed with fluorescent beads,
beads (diameter of 4m). (ii) Fluorescent beads (diameter in PBSH) or in the presence of 5 mM EDTA at room
of 1 um) were coated with the E- or P-selectily fusion temperature for various durations on a gyratory shaker. For
protein. A mixture from methods i and ii was put on a inhibition experiments, E-selectin-coated fluorescent beads
gyratory shaker. Interaction was revealed under fluorescencewere preincubated with mAb E1C. The resulting suspension
microscopy by the presence of nonfluorescent beads sur-was subjected to fluorescence microscopy and flow cytometer
rounded with fluorescent beads, and aggregates consistingCoulter) analysis.
of products from methods i and ii. The number and intensity  E-Selectin-Dependent Cell Rolling and Tethering to Vari-
of fluorescent bead aggregates were also measured by flonous Poly-LacNAc Gangliosides under Defined Dynamic Flow
cytometry with appropriate gating. An example of the Conditions The experimental system employed is similar
overall procedure, for measuring binding of E- or P-selectin to that previously described (Alon et al., 199%. gan-
to gangliosides, is described below. glioside is placed on a plastic plate and exposed to a flow
(1) Preparation of Ganglioside-Coated BeadRolysty- of E-selectin-expressing cells. Specifically, polystyrene latex
rene beads (5 10°, diameter of 4.2um) (IDC Spheres, beads (diameter of 4 or @m) were spread on glass slides
IDC) in suspension were washed with ethanol by centrifuga- and affixed by heating, and L aliquots of the ganglioside
tion. One microgram of GSL in 50L of ethanol was added  solution were added as described under Static Adhesion
to the washed beads, and the mixture was evaporated undeAssay Using Polystyrene Latex Beads. The quantity of
a nitrogen stream. Beads were resuspended in 1% BSA/ganglioside used was 100 ng in most experiments.those
PBS, washed by centrifugation, blocked with 3% BSA/ shown in Figures 4AE and 5A) or 1 ng in some experi-
PBS{) at room temperature for 2 h, centrifuged, resus- ments €.g.that shown in Figure 5B). Plates coated with
pended in 1% BSA/PBS()/0.1% azide, and stored at’€. poly-LacNAc gangliosides as described above were incu-
(2) Preparation of Selectin-Coated Fluorescent Beads. bated with 3% BSA, incubated at room temperature for at
Yellow-green fluorescent sulfated latex beads (diameter of least 1 h, and washed with PBSY, Slides were placed in
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GSLs was calculated as described previously (Kojima et al., 1992b),
tested using the equation of Lawrence et al. (1987, 1990). Fifty

to sixty percent ofH-labeled Fr. 7 ganglioside adsorbed on
Fr,7{ beads was recovered even after infusion under high shear
Fr.§8

stress (12.0 dyn/cth

RESULTS

) Adhesion of E-Selectin-Expressing CHO Cells to Poly-
LacNAc Gangliosides under Static Conditionddhesion of
E-selectin-expressing CHO cells to various poly-LacNAc

, gangliosides, including those containing the SHetermi-

nant, was examined under two different static conditions as
described in Materials and Methods. Under one condition,

. various quantities (25200 ng/well) of poly-LacNAc gan-

gliosides were coated on 96-well plates. Equal quantities
(1 x 10° cells per 100uL) of °H-labeled E-selectin-

! expressing CHO cells were added in the presence or absence
of anti-E-selectin mAb and kept without movement for 30
min. Strong binding was observed with Sles*. Moderate

. binding was observed with Fr. 12 (a mixture of 12-2 and
12-3,i.e.Str. 6 and 7 in Table 1) and Fr. 13-1 (Str. 7), which
have two Fuc residues at internal (but not the penultimate)

| ] GIcNAcs (Figure 1A). No binding was observed with Fr.
500 1000 10 (mixture of 10-1 and 10-2,e. Str. 4 and 5) or Fr. 12-2

binding index (Str. 6), which have one Fuc residue at internal GIcNAcs
(MFI of sample/ MFI of SPG) or with Fr. 7, which has no Fuc residue (Figure 1).

E'GUTE t'3: Birt‘d(ij”ﬁ of poly-tLl;':lcl\(lec gdangliost_ides Oto E- and A similar trend of adhesion was observed under an
-selectin-coated fluorescent beads under motion. One microgram . : s :
of various poly-LacNAc gangliosides (as indicated on the ordinate) alternative static condition using polystyrene beads as

was coated on polystyrene beads (diameter o}, which were  described in Materials and Methods. Adhesion to’SiLex
then mixed with fluorescent beads (diameter @fni) coated with was strongest, followed by adhesion to Fr. 13-1 and 14. There

the E-selectir-IgG or P-selectir-IgG fusion protein as described  was no adhesion to Fr. 10-1 (Str. 4), 10-2 (Str. 5), or Fr. 7
in Materials and Methods. Mixtures were shaken on a rotary shaker (Str. 1) (data not shown).

for 30 min at room temperature and then analyzed by flow L L. .
cytometry: (a) E-selectin-coated beads, (b) E-selectin-coated beads Binding of Poly-LacNAc Gangliosides to E-Selectin-
in the presence of 5 mM EDTA, (c) P-selectin-coated beads, (d) Coated Fluorescent Beads under Continuous Agitatin

human IgG-coated beads (control), and (e) E-selectin-coated beadgensitive assay method using fluorescence microscopy or
in the presence of anti-E-selectin mAb E1C. The length of the {4y cytometry to detect interaction of poly-LacNAc gan-

column represents the binding indéxe. the mean fluorescence liosid ith lecti d | d Material d
intensity (MFI) of ganglioside-coated beads divided by the MFI of 9lioSides with selectin was developed (see Materials an

SPG (I\BNeuAcnLgCer)-coated beads. All poly-LacNAc ganglio- Methods). In contrast to the results under static conditions
sides with single internal fucosylation (Fr. 10; Str. 4 and 5 in Table (see above), poly-LacNAc gangliosides having a single Fuc

1) or double internal fucosylationg. Fr. 12-3 (Str. 7 with a larger  residuea.1—3 linked to internal GIcNAc€.g.Fr. 9, 10, and
Cer), Fr. 13-1 (Str. 7 with a smaller Cer), and Str. 14 (a mixture of Y _ ; ;
14-a—d), showed clear binding. In contrast, Fr. 7 (Str. 1) and Fr. 8 12-2 n Table 1)'boun|d CIearIIy toE .sglect:cn. Fr. 10, Wh'Chd
(Str. 2), which have no internal fucosylation, failed to bind. contains approximately equal quantities of Str. 4 (10-1) an
Str. 5 (10-2) (Table 1) showed a degree of E-selectin binding,

a parallel plate laminar flow chamber connected to an as measured by fluorescence microscopy and by flow
infusion pump (model 935, Harvard Apparatus, Cambridge, cytometry, roughly equal to that of poly-LacNAc ganglio-
MA). The assembly, originally described by Lawrence et sides having two Fuc residuesl—3 linked to internal

al. (1990) and Lawrence and Springer (1991), simulates theGICNAc (e.g. Fr. 13-1 and 14) or those having the 3Le
flow shear stress present in physiological microvascular determinant (Figure 2, right panel). Fr. 7 (Str. 1 in Table 1)
environments. The inlet of the flow chamber was connected and Fr. 8 (Str. 2) showed no binding to E-selectin, even under
to a cell suspension pool. A laminar flow with a defined this dynamic condition (column a of each fraction in Figure
rate and wall shear stress was achieved by backward3). None of these fractions bound to P-selectin (column c
manipulation of the infusion pump with a 50 or 30 mL of each fraction) under this condition. The E-selectin binding
syringe connected to the outlet of the chamber. A suspensionwas completely inhibited by the presence of 5 mM EDTA
of E- or P-selectin-expressing CHO cells ¢ 10°/mL), (column b) or anti-E-selectin mAb E1C (column e). No
harvested with EDTA, washed, and resuspended in bindingbPinding was observed to control beads coated with human
buffer, was infused into the assembly at various laminar flow 19G (column d). These quantitative findings suggest that
rates. Cell movements were observed under an invertedE-selectin binding properties of poly-LacNAc gangliosides
phase-contrast microscope (Diaphot-TMD, Nikon) and re- are very different under static and dynamic flow conditions.
corded with a time-lapse videocassette recorder. NumbersThis concept was confirmed by subsequent experiments as
of rolling and tethering cells durina 2 min period at shear ~ described below.

stresses from 0.4 to 12.0 dyn/€mere observed and counted E-Selectin-Dependent Cell Tethering and Rolling on Poly-
from at least 10 fields on videotape. Wall shear strd3s ( LacNAc Gangliosides under Dynamic Flow Conditions
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Ficure 4: Rolling and tethering of E-selectin-expressing CHO cells under dynamic flow conditions. Various poly-LacNAc gangliosides
were quantitatively adsorbed on beads affixed to glass microscope slides as described in Materials and Methods. One microliter of a
solution (IHW, 50:25:20 by volume) containing 100 ng of ganglioside was added at the center of a polystyrene bead layer affixed to a glass
slide throughout the experiments. One microliter of the solution spread to a circular area with a diametemef Gangliosides adsorbed

on beads were resistant to washing in water (see Materials and Methods). Slides were blocked by placing in 3% BSA in PBS at room
temperature fol h and assembled in a parallel-plate laminar flow chamber. E-selectin-expressing CHO cells were freshly harvested and
suspended in the binding buffer ¢ 10° cells/mL). The cell suspensions were placed in an infusion pump connected to the flow chamber
and infused into the assembly at various laminar flow rates. Cell movement and tethering were observed under a phase-contrast microscope
and recorded with a videocassette recorder. The range (minimum to maximum) of the number of ce80mdiéroscope fields is shown

by the bar: (open bar) rolling cells and (solid bar) tethering cells. Because of the extensive variation in cell numbers (see the text), the
mean value of cell numbers (rather than the midpoint of the range) is indicated by a horizontal line for each bar. (A) Rolling and tethering
of cells on SL&Lex (Str. 3 in Table 1) adsorbed ongdn beads affixed to a glass plate. There were adherent, but no ralkngo{ling

number= 0), cells in every field at all shear stress@) Fr. 12-2 (Str. 6) on 4m beads. Rolling was highest at 4.8 dynfciBoth rolling

and tethering were lower than those for Fr. 13-1 and 14 (panels C and E) but comparable to thoselef.S3 Fr. 13-1 (Str. 7) on 4

um beads. Rolling was more frequent at 4.8 and 2.4 dyhtban at 1.2 dyn/cf (D) Fr. 13-1 on 1um beads. Rolling was highest at 4.8
dyn/cn?. Tethering was higher and rolling was lower at 1.2 dyrfic(&) Fr. 14 (Str. 9-12) on km beads. Rolling and tethering were

highest at 2.4 and 4.8 dyn/énRolling was lower at 1.2 dyn/ctnNote that the numbers of rolling and tethering cells were higher with 1

um than with 4um beads, in general. The number of tethering cells increased as shear stress decreased. The number of rolling cells was
maximal at 4.8 or 2.4 dyn/ctn

Fr. 10-1 plus 10-2

and B of Figure 4 is small but was reproduced in independent

i 02 '_A_]r «f B experiments. The same trend seen for Fr. 12-2 was more
: 15 clearly observed for Fr. 13-1 (Str. 7) and 14 (a mixture of
f%” e * i Str. 9-12) (Figure 4C-E). Fr. 10-1 (Str. 4), 10-2 (Str. 5),
5" 1 H and 12-2, having single internal fucosylation, showed clear
2 J[H H 5 H rolling and tethering under dynamic conditions, although they
6 JH[ L showed no adhesion under static conditions. With Fr. 12-2,
T VT Y S— & 8 18 13-1, and 14, rolling was maximal at 2:4.8 dyn/cni (in

dynes/ cm2

the range of physiological shear stress), whereas tethering
was higher at lower shear stress. Tethering was nearly

dynes/ em?

Ficure 5: Rolling and tethering of E-selectin-expressing cells on

Fr. 10-1 or Fr. 10-2 poly-LacNAc gangliosides or a mixture of the
two. (A) One hundred nanograms of Fr. 10-1 (Str. 4 in Table 1)
(left plot) or Fr. 10-2 (Str. 5) (middle plot) or a mixture of 50 ng
each of Fr. 10-1 and 10-2 (right plot)B) A mixture of 0.5 ng
each of Fr. 10-1 and 10-2 (total quantity of 1 ng). In both
experiments, gangliosides were added teni polystyrene beads

constant with SLeLe*-coated beads, and rolling was
negligible (Figure 4A). Rolling and tethering were slightly
enhanced for a mixture (50 ng each) of Fr. 10-1 and 10-2 as
compared to that with 100 ng of 10-1 or 10-2 alone (Figure
5). Rolling and tethering were observed clearly when various

affixed to glass slides as described in Materials and Methods andsmaller quantities of ganglioside were coated on plates. Data
the Figure 4 legend. Data are expressed as described for Figure 4frqm the experiment in which 0.5 ng each of Fr. 10-1 and

Various poly-LacNAc gangliosides having one or two Fuc 10-2 were applied on plates, under the same experimental
residuesal—3 linked to internal (not the penultimate) Conditions as for the 100 (56 50) ng experiment, are shown
GIcNAcs, or having SLeat the terminus, were coated on N Figure 5B.

polystyrer_1e beads affixed to slides as_seml_aled in a.para”el'DISCUSSION
plate laminar flow chamber as described in Materials and

Methods. The number of cells rolling and tethering were A large variety of carbohydrate structures.g. SLe,
counted in 10 or more microscopic fields recorded on sialosyl dimeric L& (SLe-LeX), sulfated L&, SLe, and their
videotape. Stronger rolling and tethering were observed respective synthetic derivatives, were found to bind to E-

when poly-LacNAc gangliosides were adsorbed opm

beads (Figure 4D,E) than when they were observed on 4(1995) and Varki (1994)].

and P-selectin in previous studies [for review, see Lasky
The binding ability of these

um beads (Figure 4B,C). Strong rolling and tethering were structures is of pharmacological interest, but it is unlikely

observed with Fr. 13-1 and 14, which have twd—3
residues in internal GIcNAc (Figure 4€E), followed by Fr.
12-2 (Figure 4B) and Sl*d_e* (Figure 4A). For SL&Le*-

that many of them are physiological ligands. For example,
SLet is completely absent in neutrophils and myelocytes.
The claim for sulfated Lewas based on binding of sulfated

coated plates, there were essentially no rolling cells, and theLe*-neoglycolipid (the oligosaccharide incidentally isolated
number of tethering cells was essentially the same at differentfrom ovarian pseudomucin) to E-selectin (Yuen et al., 1992).
shear stresses (Figure 4A). For plates coated with Fr. 12-2The claim for SL& and sialosyl dimeric Lewas based on
(Str. 6), the number of tethering cells increased as shear strestheir inhibitory effect on E- and P-selectin-dependent adhe-
decreased (Figure 4B). The difference between panels Asion (Phillips et al., 1990; Polley et al., 1991) or their ability
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to bind directly to E- and P-selectin (Handa et al., 1991). In GSLs, regardless of the chain length of carbohydrates, display

these experiments, epitopes were presented as gangliosides, strong ability to bind to both E- and P-selectin (Handa et

isolated from tumors or obtained by chemical or enzymatic al., 1991). Utilizing this property in the TLC overlay

synthesis, and incorporated in liposomes or adsorbed on latexechnique, radiolabeled E-selectin-expressing CHO cells

beads. bound only to poly-LacNAc gangliosides having more than
The presence of Sker sialosyl dimeric L&in neutrophils eight monosaccharide core units. Through systematic isola-

and HL60 cells has been simply imagined, because of thetion and characterization of poly-LacNAc gangliosides

strong reactivity of these cells with mAbs known to be prepared fron>1.2 L of HL60 cells and from~100 mL of

reactive with SL&or sialosyl dimeric L& (Symington et al., human leukocytes, we were able to identify two types of

1985), despite the fact that these mAbs were later found to major structures (I and II): (1) those having a singlé—3

be strongly cross-reactive with fucosyl-poly-LacNAc gan- fucosylation at internal GIcNAcs (as below):

gliosides, termed “myeloglycan”, which are the major

component of neutrophils and HL60 cells (Stroud et al.,

1996b). Only a few chemical studies examining the presence Neum; Fumq

of SLe in these cells have been carried out. It is clear that

the quantity of SL&chemically detectable in these cells is b CaPAGINABIGaIRIGINACRIGalB4GINACR3 Gal4Glef Cer

a.  GalB4GIcNAcB3GalB4GIcNAcB3GalB4GIcNAcB3GalB4Glcf1Cer
3 3

extremely small. Positive-ion FAB-MS of methylated N- 0 ?

linked structures in leukemic leukocytes gave a barely NeA? Fucod

detectablan/z 999, representing the Stetructure (Fukuda c.  GalP4GIcNAcP3GalB4GIcNAcP3GalB4GIcNACB3GalB4GIcNACB3Galp4Glcp 1 Cer
et al., 1984), even though a large, extended scale was used. H %

SLef in N-linked side chains of leukocytes and HL60 cells ~ NeuAco2 Fucal

was assumed to be present on the basis of enzymatic

: d (1) those having double1—3 fucosylation at internal
hydrolysis (Asada et al., 1991) and MALDI mass spectrom- an . .
e%/ry (leatel(et al., 1994), altho)ughl% of the total cF:)arbo- GlcNAcs, excluding the penultimate GIcNAc (as below):

hydrate chains bound to the E-selectin column. GalB4GIcNACB3GalB4GICNACB3GalpAGIcNACP3Galp4GIcNACB3 Gal4GIcB1 Cer
The major physiological P-selectin ligand, PSGL-1, ex- 3 3 3
pressed in neutrophils and HL60 cells, has been identified Neuaca2 Fucal Fucal

as a carrier of O-linked but not N-linked oligosaccharides ) ]
(Moore et al., 1994; Sako et al., 1993). While PSGL-1 also _ Structures of type tac above, which comprise about-70
functions as an E-selectin ligand, it may not be the major 75% of total poly-LacNAc gangliosides from HL60 cells,
ligand. In mouse myeloid cells, a glycoprotein “E-selectin did not show E-selectin binding under static cpndmons. In
ligand 1” (ESL-1) was identified (Levinovitz et al., 1993). contrast, these structures bounq to E-selectin strongly. or
The human equivalent to ESL-1 is unknown. In these ligand cléarly under motile conditions using a two-bead aggregation
glycoproteins, a sufficient number of oligosaccharides are System as described in this paper or under dynamic flow
assembled to display optimal density and orientation. It is conditions using a LawrenegMcintire assembly (Lawrence
of crucial importance to elucidate (a) the primary structures, €t al., 1990). Structures of type la and -c contain a single
(b) the functional (binding) activity of each oligosaccharide, @173 fucosylation at the second internal GIcNAc from the
and (c) their assembly in these glycoproteins. Unfortunately, terminus. A ganglioside with the same structure was
this information is unavailable because of the extreme Originally isolated from chronic myelogenous leukemia cells
technical difficulty in obtaining a sufficient quantity of these and characterized (Fukuda et al., 1986). The terminal
ligand glycoproteins. structure, m_cludlng 2»3 l\_IguAc and %»3 Fuc Imk_ed to two

For example, recent studies of O-linked side chains present-:@CNAC units, was identified as an epitope defined by mAb
in PSGL-1 indicate the presence of Sloarried by difuco- ~ VIM-2 (Macher et al., 1988) and was thought to be the
sylated polylactosamine and by the mucin type 2 core E-selectin binding epitope (Tiemeyer et al., 1991). This
structure. The proposed structures, however, are based solel§tructure d_oes not bln_d to E-selectin under static conditions,
on the change of the radiolabeled oligosaccharide peak by2S Shown in our previous (Stroud et al., 1996a) and present
enzymatic degradation (Wilkins et al., 1996). Direct chemi- Study. Surprisingly, the same structure binds clearly to
cal analysis of the structures involved in adhesion was not E-selectin under dynamic flow conditions in two entirely
performed, presumably because of the scarcity of material. different experimental systems (Figures3.
Myeloglycan-type structures without the SLéerminus Structures of type Il above, which comprise about-20
cannot be excluded by the methods used in the above study24% Of total poly-LacNAc gangliosides from HL60 cells,
The extreme scarcity of purified O-linked oligosaccharide Showed clear E-selectin binding under both static and
in PSGL-1 does not allow determination of its binding ability dynamic flow conditions, as did poly-LacNAc gangliosides
to E- or P-selectin. Oligosaccharides are capable of inhibit- having SLe structure in previous studies. _
ing selectin-dependent adhesion only at millimolar levels. !N addition to types | and Il, we found a type IIl having
Therefore, it is impossible to perform a functional assay of Multiple a1—3 fucosylation at internal GIcNAcs and at the
liberated oligosaccharide. penultimate GIcNAc:

To overcome the difficulties involved in structural and
functional analysis of O-linked side chains of a defined 3
glycoprotein, we utilized GSLs present in leukocytes and Neuml Fumj Fuwﬂ FMT,
HL60 cells. GSLs and gangliosides have the novel property
of forming clusters when they are applied in solution on  Structures of type I, which comprise 1% or less of total
plastic surfaces or incorporated in liposomes. Clustered poly-LacNAc gangliosides from HL60 cells, showed E-

III GalB4GIcNAcB3GalB4GlcNAcB3Galp4GIcNACB3GalB4GIcNAcB3GalB4Glep 1 Cer
3 3 3
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selectin binding under both static and dynamic flow condi-
tions, similar to that of type 1l. Because the quantity of type
Il was so small, we could not compare its binding activity
quantitatively with that of type | or Il. Binding activity of
SLe-Lex (Str. 3, Table 1) under dynamic conditions is less
than that of type | and Il above.

We did not find poly-LacNAc ganglioside witl1—3
fucosylation at the penultimate GIcNAc only.€, SLe
without internal fucosylation), having a carbohydrate chain
shorter than eight monosaccharides. Recentlythiig et
al. (1996) detected SKeganglioside having a ceramide

hexasaccharide backbone without internal fucosylation in
neutrophils. The reason for the discrepancy between their

findings and our findings is unclear, but the quantity of such

Biochemistry, Vol. 36, No. 41, 19972419

terminal sialic acid and internal Fuc arranged on a helical
poly-LacNAc chain may create flexibility in distance and
orientation of these two functional groups, which are
recognized by the lectin domain of selectin. The rationale
for increased rolling and tethering displayed by poly-LacNAc
fucogangliosides relative to that by Stepntaining structures
may reside in the above relationship.
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