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ABSTRACT. E-selectin binding gangliosides were isolated from myelogenous leukemia HL60 cells, and
the E-selectin binding pattern was compared with that of human neutrophils as described in the preceding
paper in this issue. The binding fractions were identified as monosialogangliosides having a series of
unbranched polylactosamine cores. Structures of fractions 12-3, 13-1, 13-2, and 14, which showed clear
binding to E-selectin under the conditions described in the preceding paper, were characterized by functional
group analysis by application of monoclonal antibodi#$;NMR, FAB-MS, and electrospray mass
spectrometry with collision-induced dissociation of permethylated fractions. Fractions 12-3, 13-1, and
13-2 were characterized by the presence of a major ganglioside with the following structure:
NeuAcn2—3Galf1—4GIcNAcf1—3Galp1—4(Fuam1l—3)GIlcNAcS1—3GalBl—4(Fuaxl—3)-
GIcNAcS1—3Ga31—4GIcNAg31—3Gaf1—4GIgsCer. Fractions 12-3 and 13-2 contained, in addition,
small quantities (18615%) of extended SEevith internally fucosylated structures: Neu#2—3Gap1—4-
(Fual—3)GIcNAcS1—3Gap1—4(Fuaml—3)GIcNAcS1—3Gafl—4(+Fual—3)GIcNAcs1—
3Gap1—4GIcNAgE1—3Gas1—4GIcsCer. Fraction 13-1, showing stronger E-selectin binding activity
than 12-3 and 13-2, contained only a trace quantit{%) of SLe. Fraction 14, which also showed

clear binding to E-selectin, was characterized by the presence of the following structures, in addition to
two internally monofucosylated structureXX and XXI, Table 2, text): NeuAe2—3Gapjl—
4GIcNAcS1—3Galpl—4(Fuorl—3)GIcNAcS1—3Galfl—4(Fuarl—3)GIcNAcf1—3Galpl—
4GIcNAGS1—3Ga1l—4GIcNAS1—3Gap1l—4GIgs Cer; and NeuAa2—3Gaf3l—4GIcNAgS1—
3Galfl—4(Fucal—3)GIcNAcSf1—3Galfl—4GIcNAcfl—3Galfl—4(Fucal—3)-
GIcNACcS1—3Gaff1—4GIcNAgB1—3Ga31—4GI¢5Cer. SLé& determinant was completely absent. Thus,

the E-selectin binding epitope in HL60 cells is carried by unbranched terminaty3 sialylated
polylactosamine having at least 10 monosaccharide uniisgdetyllactosamine units) with internal multiple
fucosylation at GIcNAc. These structures are hereby collectively called “myeloglycan”. Monosialogan-
gliosides from normal human neutrophils showed an essentially identical pattern of gangliosides with
selectin binding property. Myeloglycan, rather than Slgrovides a major physiological epitope in
E-selectin-dependent binding of leukocytes and HL60 cells.

Monosialogangliosides, isolated from HL60 cells, with chain, slower-migrating, E-selectin binding monosialogan-
unbranched polylactosamine (PL3gtructures having 10 gliosides was also observed. Fr 12 was further divided into
monosaccharide units (Fr 12, 13, and 14) show clear five subfractions by HPTLC (see preceding paper). Two of
E-selectin binding (see Stroud et al., 1996, hereafter referredthese subfractions were separated: major nonbinding Fr 12-2
to as “preceding paper”). The presence of a series of longer-(characterized in preceding paper) and binding Fr 12-3.
Subfractions 13-1 and 13-2 (separated from Fr 13 by HPTLC
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Table 1: Functional Group Analysis of GSL Fractions by mAbs #tdNMR

mAb
binding to
E-selectin-expressing 1B SHP FHe! o 1IFuct=3GIcNAc
cells (LacNAc) (Le) PL82GZ  (SLex) (4.875 ppm)

test fractions

Fri12-2 — — — _ + +

desialylated Fr 12-2 - ++ - + -

Fr13-1 ++ — — — + 4t

desialylated Fr 13-1 - ++ - ++ —

Fr13-2 ++ - - - + NDe

desialylated Fr 13-2 - ++ - ++ -

Fri4 + - - ND® + ++

desialylated Fr 14 — ++ — _
reference compds

Le* (IV3FucnLc4) - ++ — —

SLe (VISNeuAc\AFucllI®FucnLc6) ++ — — — +

desialylated SLE - - ++ ++ -

sialylparagloboside (IV3NeuAcllI3FucnLc6) — - — — _

desialylated sialylparagloboside — 44+ — — _

aYoung et al., 1981° Singhal et al., 199C:K. Handa, M. R. Stroud, and S. Hakomori, unpublished daFaikushi et al., 19841 ND, not
determined.

and multiple fucosylation at defined internal locations, RESULTS
collectively called “myeloglycan”, are the physiological

epitopes for E-selectin-dependent adhesion. Functional Group Analysis of E-Selectin Binding

Nonbinding Fractions Preliminary functional group analysis
MATERIALS AND METHODS of E-selectin nonbinding vs binding fractiorisg., Fr 12-2
vs 13-1, 13-2, and 14, was made by immunostaining with
Determination of Terminal Structure by Immunoblotting mAbs directed to defined epitope structures before and after
with or without Desialylation In order to determine whether  desialylation, and byH-NMR. As shown in Table 1, the
the GSL in question has Skestructure or NeuAa2— four fractions reacted equally well with mAb FH6, which
3Gap1—~4GIcNAgS1—~3Galfl—structure, GSLs were de-  was previously claimed to be directed to SLeReactivity
sialylated in 1% acetic acid (10, 1 h) followed by TLC ~ of the four fractions was equally abolished following
immunostaining with anti-LemAbs .g., SH1, FH2, anti-  desialylation. The same trends of reactivity were observed
SSEA-1) (Fukushi et al., 1984b; Singhal et al., 1990), or for anti-SLe& mAbs CSLEX and SNH3 (data not shown).
with mAb 1B2 (which does not react with Lbut does react  These results pose a basic question on the specificities of
with unsubstituted LacNAc terminus @d—~4GIcNAGS1— these mAbs (see Discussion). The gangliosides present in
3Gapl—R) (Young et al., 1981). The immunostaining the four fractions showed no reactivity with mAb 1B2, which
procedure was necessary because all mAbs previouslyreacts exclusively with GAL—4GIcNAc, but became strongly
considered to be directed to Sistructure actually cross-  reactive following desialylation. Since 1B2 does not react
react strongly with various related structures (see Results/with Le*, the reactivity patterns as above exclude the possible
Reactivities of Various Gangliosides with mAbs...). presence of Sl’eat the terminus of the ganglioside present
Functional Analysis by mAbs Directed to Internally as the major component in the four fractions. This was
Locatedo.1—3GIcNAc and to Slebefore and after Desia-  further confirmed by the observation that gangliosides present
lylation. The reactivity of each fraction was tested before in the four fractions did not react, either before or after
and after desialylation using a novel mAb PL82G2 which desialylation, with mAb SH1, which reacts exclusively with
defines internally located Fud—3GIcNAc but does not  Le* structure. The quantity of Skeontaining gangliosides
recognizeal—3 fucosylation at the penultimate GIcNAc, (Str XVIIIl and XIX) present in Fr 13-1 and 13-2 was
i.e., Let structure (K. Handa, M. R. Stroud, and S. Hakomori, presumably too small to be detected by immunoblotting with
unpublished). Each fraction was also tested for reactivity SH1 after desialylation. Reactivity of the gangliosides
with various antibodies described previously as being present in the four fractions with novel mAb PL82G2 was
directed to SL& namely, FH6 (Fukushi et al., 1984b), observed only after desialylation. This mAb does not react
CSLEX (Fukushima et al., 1984), and SNH3 and -4 (A. K. with LeX; rather, it reacts wittul—3 fucosylated internal
Singhal, E. D. Nudelman, and S. Hakomori, unpublished). GlcNAc (not penultimate GlcNAc) (K. Handa, M. Stroud,
Reactivities of various mAbs with purified GSLs were T. White, and S. Hakomori, unpublished data). The only
tested by antibody binding to GSLs coated on the surface of clear difference between nonbinding 12-2 and binding 13-1
plastic wells (Kannagi et al., 1983), or by TLC immun- and 13-2 was in the intensity 8H-NMR spectra at 4.875
ostaining (Magnani et al., 1980; Abe et al., 1983). ppm, representing Fad—3, which was 2-3 times higher
Preparationof CHO Cells Expressing P- and E-Selectin  in the binding fractions [Table 1; Figure 4D (preceding paper)
Preparation of these cells, assay of GSL binding to thesevs Figure 1A (this paper)]. Together, these preliminary
cells, and isolation and characterization of gangliosides werefunctional analytical data indicate that binding vs non-binding
performed as described in the preceding paper. requirement may be due not to the presence of*Shet
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A x x vimo vi vi v v om oo 1 acetyllactosamine) structures (Levery et al., 1986; Nudelman
GglB4GlNAcB3GalB4Gl§IAcBSGaI|34G;NAcB3GalB4—GlNAcﬁSGalﬁ4GIcBl—Cer et al_, 1988), but the amp“tude of this resonance appears to

0 1 7 be greater than twice that of various GIcNAc H-1 resonances

oSA it o o (at 4.680, 4.740, etc.) in both Fr 13-1 and 14. In contrast,
s v the amplitude of the 4.875 ppm resonance in Fr 11 is roughly

4 603 4280

MO (. the same as those of the resonances for GIcNAc H-1. The
X i additional Fua1—3 also gives rise to an extra H-5 resonance
H at 4.591 ppm and to a similar H-5 resonance, as seen in the
Fr 11 spectrum at 4.603 ppm (preceding paper, Figure 4D),
partially overlapping each other in the spectrum of 13-1
W (Figure 1A), along with a concomitant increase in the
amplitude of the H-6 signal at 1.014 ppm. Similar H-5
guadrant resonances at 4.603 and 4.490 ppm, and a relatively

FVII-1 — GleNAe

VH 1 X
4875 a7s ’ |
4 74 'y 680

r” 4641

MMW

/&WM b . weak resonance at 4.639 ppm, are seen in the spectrum of
,.‘ﬂ 4 e Fr 14 (Figure 1B), with a concomitant increase in the
o w0 0 o = B <o amplitude of the H-6 signal at 1.014 ppm. It is expected
that the presence of an extra letle~3 somewhere in the
B XI11 XI X IX Vil vl VI v v ur 11 1 . : .
GalP4GINAcB3IGaIPAGINACBIGaIPAGINAB3GalPAGINACBIGAIB4GINACPIGalB4GIcBCer chain will be manifested by both short- and long-range
b 3 i (? substitution effects on other sugar resonances and that these
" - ™ : Gal effects will provide clues to the position of the additional
it GINAe o Cle residue. This will be discussed in more detail below.
o i W i | In the spectrum of Fr 13-1, five different types of
f‘\ /1 4.?—88 Fis Vi 450 “'“‘ GlcNAcS1—3 H-1 resonances are observed at 4.680, 4.710,
RO anl I R 4350 mf\ ‘ 4.740, 4.750, and (minor) 4.760 ppm (Figure 1A). The
M H (Q\ ‘\ ‘ spectrum of Fr 14 gave four types of GIcNAE—3 H-1
/ { | m ‘ ‘ resonances at 4.688, 4.705, 4.736, and 4.748 ppm, in an
| \ (\/ ‘ \M approximate ratio of 2:1:1:1, suggesting the presence of at
MMMNV N Ml VN least four LacNAc units attached to the usual lactosylCer
ey 4 ‘H{ﬁlm ‘ \‘,J XLt core (Figure 1B). In addition to the extended @le> H-1
a0l ] P 4214 resonance at 4.173 ppm, there appear to be three types of
Galf1—4 H-1 resonances at 4.214-4.215, 4.276-4.280, and
490 480 410 o 440 3 420 4.343-4.350 ppm, in the approximate ratio 1:3:2 [we are
FiGURE 1: 500 MHz!H-NMR spectra of gangliosides present in '910"Ng, for now, a number of weaker signals, including
selected fractions isolated from HL60 cells in DM$g2% D,O. those at 4.309, 4.420, and 4.492, ascribing these to impurities
Panel A: Selected downfield regions of Fr 13-1, 328 K, from (Figure 1B)]. Fr 13-1 gave very similar spectra in terms of

4.10 to 4.90 ppm. Roman numerals refer to sugar residues in theGa|31—4 H-1 resonances at 4.215, 4.280, and 4.347 ppm,
structure shown at htOP Arab'g ”“”;era'TBrefgrlto pé‘gons fOfl 4Which are tentatively assigned as shown in Figure 1A with
P Selected dounelreference to a simiar spectrum given by Fr 11 (preceding
impurity. paper, Figure 4D) and by Fr 14 (Figure 1B). The presence
of a terminal NeuAo2—3 residue is again clearly indicated
rather of terminally sialosylated, internally polyfucosylated by the observation of a doublet of doublets for k-8t the
structures. Gangliosides with Sistructure may be absent characteristic shift of 2.757 ppm, and by a NAc singlet at
in these fractions, or present as extremely minor components1.888 ppm (data not shown) (Koerner et al., 1983; Levery
undetectable by functional group analysis as performed in et al., 1986, 1988) in spectra of both Fr 13-1 and 14 (data
this study (see Discussion). This possibility was supported not shown). The resonance at 4.214 or 4.215 ppm in spectra
by further characterization of each fraction as described of Fr 13-1 and 14 is characteristic for H-1 of the @hi~4
below. to which this NeuAc is linked, provided its aglyconic
Structures of gangliosides present in Fr 12-2, 12-3, 13-1, GIcNAcS1—3 is not further substituted.¢., by Fue1—3;
and 13-2 were determined by ES-MS because only traceLevery et al., 1988, 1989; Nudelman et al., 1988}, SLe&
guantities of these gangliosides were available. Structuresstructure is absent. The @@dl—4 residue attached to
of gangliosides in Fr 14 were determined tipn FABMS GlcB1— can be expected to contribute one H-1 resonance
after permethylation, since sufficient quantity was available. to the overlapping signals at 4.276 ppm. This leaves four
IH-NMR Spectroscopy of GangliosideBr 13-1 and 14 Galf1—4 H-1 signals to be accounted for.
'H-NMR spectra of E-selectin-binding gangliosides in Fr  In the spectrum of Fr 14 (Figure 1B), the two remaining
13-1 and 14 are shown in Figure 1, panels A and B, Gal31—4 H-1 resonances in the group at 4.226280 ppm,
respectively. Although not of high quality, these spectra along with the two GIcNAB1—3 H-1 resonances at 4.680
reveal a number of distinctive structural features. In ppm, clearly represent a pair of poN{acetyllactosamine)
comparison with the spectrum of Fr 11 (an ACFH-18 chain GaBl—4GIcNAg31—3 units not influenced by
structure) (preceding paper, Figure 4D), Fr 13-1 and 14 Fuoxl—3 substitutions (Levery et al., 1986; Nudelman et
exhibit several similar features characteristic of Nett&¢e-3 al., 1988). The other two H-1 resonances, at 4:34.350
terminated, Fue1l—3 substituted poly{-acetyllactosamine)  ppm, are consistent with internal Bat—4 residues vicinal
structures, but with some significant differences. There is to Fum1—3 on GIcNAg1—3 residues. The corresponding
again observed a resonance at 4.875 ppm diagnostic for H-1downfield shifted GIcNAB1—3 H-1 resonances are those
of Fuorl—3 linked to GIcNA@g1—3 of type 2 poly\- found at 4.736 and 4.748 ppm. The fact that they are at
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Table 2: Structures of Monosialogangliosides Present in Fr 12, 13, and 14 from HL6® Cells

Cer

Fr. Str. ion EB*

12-2a GalB4GlcNAcP3GalB4GlcNAcB3GalB4GlcNAcB3Galp4GIlcNAcB3GalB4Glep Cer 548 -
NcuAco:: Fuco:j

12-2b GalP4GIcNAcB3Galp4GIcNAcB3GalB4GIcNAcB3Galp4GlcNAcB3GalB4Glep Cer 548 -
NeuAco% Fuco?

12-3a XVII GalP4GlcNAcB3GalB4GIlcNAcB3GalB4GlcNAcB3GalP4GlcNAcB3GalB4GlepCer 660
NeuActg Fuco? Fuco% ++

12-3b XVIII GalB4GlcNAcB3Gal p4GlcNAcP3Gal p4GIcNAcp3Gal PAGIcNACP3Gal p4GIcp Cer 660
NeuAco? Fuco% Fuco?

13-1a same as Str. XVII (Fr. 12-3a) but with different Cer 548

13-1b same as Str. XVIII (Fr. 12-3b) but with different Cer 548 ++

13-2a GalB4GlcNAcB3GalB4GlcNAcB3Gal4GIcNAcB3Gal P4GleNAcP3GalB4Glep Cer 548
NeuAco:;j Fuco?

13-2b same as Str. XVII (Fr. 12-3a) but with different Cer 548

13-2c  XIX GalB4GlcNAcP3GalB4GlcNAcB3GalB4GlcNAcB3Gal P4GIcNAcP3GalPB4Glep Cer 660 ++
NcuAco% Fuco? Fuco? Fuco:z

14-a XX GalP4GIcNAcB3GalB4GleNAc B3GalB4GlcNAcB3Galp4GlcNAcB3Galf4GlcNAcB3GalB4GlefCer 548
NeuAcg Fuco?

14-b  XXI  GalP4GlcNAcP3Galp4GlcNAcP3Galp4GIcNAcB3Gal p4GIcNAcP3Galp4GlcNAcP3GalB4GlcfCer 548
NeuAco:z Fuctgc5 ++

l4-c XX Gaéﬁ4GlcNAcﬁ3GaIB4Glc§IAcB3Ga1[34Glc:I;IAc53031[34GlcNAcB3Galﬁ4GlcNAcB3Galﬂ4GchCer 660

NeuAca Fuca Fuca

14-d  XXII  GalP4GlcNAcP3GalB4GlcNAcB3GalB4GIcNAcP3Galp4GlcNAcB3Gal4GIlcNAcP3GalP4GIcBCer 660
3 3 3

NeuAca Fuca Fuca

a(*) EB, E-selectin binding determined under static conditions by TLC overlay technique #8ifigbeled E-selectin-expressing CHO cells.

different shifts indicates that they correspond to contiguous Xl (Levery et al., 1988). Mass spectrometric analysis of
Gals1—4(Fum1—3)GIcNAg31—3 units; the difference  Fr 13-1 and 13-2 indicates that the majority of these fractions
arises from the long-range influence of lelde~3 on the next did not have SLestructure at the terminus (see following
GlcNAcS1—3 toward the nonreducing end. As previously sections).

noted (Levery et al., 1986), the additional shift for a  FABMS of Monosialogangliosides from HL60 Cell6r
GIcNAcS1—3 already substituted by Faé—3 amounts to 14. The*ion FABMS spectrum of permethylated Fr 14 is
+0.12 ppm, consistent with the observed values. Further- shown in Figure 2A. A predominant pseudomolecular ion
more, the chemical shifts are not consistent with the presencemH+, nominal mviz 3768) is consistent with the sugar
of SLe* (preceding paper, Table 2, SXil —XVI), which  composition NeuAaleoxyHexHex-HexNAcs plus Cer
has the outermost Gl ~4(Fuamx1—3)GICNAGE1—~3 group  consisting of Sph/fatty acid combination d18:1/16:0. Cer
sialosylated due to the measurable shielding influence of jon observed at/z548. The spectrum clearly displays-A
NeuAa2—3 on the nearest GIcNAd—3 residue (Levery  type fragments produced by cleavage of glycosy! linkages
et al., 1988). preferentially aiN-acetylhexosaminyl linkages, with charge
The values found preViOUSIy for the anomeric protons of retention on the nonreducing portions_l Aagments ob-
GlcNAcp1—3 residues of a Ske-Le* grouping were 4.739  served atwz 825, 1448, 1897, 2346, and 2795 established
and 4.726 ppm (Levery et al., 1986). These data arethe sequence shown in Figure 2B, upper scheme, indicating
consistent only with the difucosyl ganglioside StvIl a monofucosylated structure. The absencemdf 999,
(Table 2), with the last remaining-GIcNAc H-1 resonance  representing NeuAélex-deoxyHexHexNAc, and the ob-
at 4.693 assignable to GIcNAt—3 IX for the same reasons  served ion sequence place the deoxyHex residue on the
described previously for Fr 11 (preceding paper, Figure 4D) second HexNAc from the nonreducing end. The abundant
in relation to the ACFH-18 antigen: H-1 @+GIcNAc XI ion atm/z 1242 represents the loss of deoxyHexOH from
would be expected to experience a downfield shift (on the the fragmentnz 1448, a type of neutral loss that occurs
order of +0.028 ppm) from a Fuxl—3 substituent on  preferentially from the 3-position of HexNAc. The presence
B-GIcNAc IX as well as a smaller upfield shift (on the order of m/z1274 in the sequenc®/z 825, 1274, 1897, 2346, and
of —0.019 ppm) from the NeuA2—3 substituent o-Gal 2795 suggests an isomeric structure as described in Figure
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. Ficure 3: ES-MS and CID patterns of gangliosides present in Fr
12-3 and 13 isolated from HL6@lls. CID spectrum of Fr 12-3

" 793 141 }3‘?4"5"””“0“’ 1565 B ion atmz 1225.4 [M+ 3NaP*. Upper and lower insets: two
376 825 1029 1448 1897 proposed isomeric structures and their fragmentation patterns.
NeuAc]‘»o—Hex-o—HexNAclo—Hex)—o—Hex{NAclo—Hex—o—HexNAclo—
doonpHen 2B, lower scheme. [Mr NaJ" and [MH — CH;OH]" were
2314 2763 observed atn/z 3790 and 3736, respectively.
Hex_o_mNiii_m_o_HexN:::_Hex_o_Hex_oTCer A less abundant set of pseudomolecular ions (MH
“s48 nominalnV/z 4052, 4054) are consistent with the composition
I NeuAcdeoxyHex-Hex;*HexNAG plus Cers of Sph/fatty
344 793 1242 1865 1691 acid combinations d18:1/24:1 and d18:1/24:0. Cer ions were
Neu:gfo_m_o_mmﬁ _H”’Zi » N:”_H . Nisj’_ observed at 658 and 660, respectively;-tgpe fragments
A S established the sequeno#z 825, 1448, 1897, 2520, and
deoxyHex 2969, indicating a difucosylated structure. See upper scheme
Cort Soh FA MW o e in Figure 2C. The ion sequence supports placement of
548 d18:1 16:0 3767 2346 2795
Hex_o_HexNAclo_Hex_o_HexNMlo_Hex-O_Hem{cﬂ deoxyHex on the second and fourth HexNAc residues from
48 the nonreducing end. Preferential neutral loss from the
- 3-position of HexNAc was observed atz 1242 (deoxy-
344 79 141 1202 1865 C HexOH fromm/z 1448) andm/z 2314 (deoxyHexOH from
376 g5 10 1448 187 m/z 2520). The sequenaw/z 825, 1448, 2071, 2520, and
N"’“’“l"““e"°‘”“N“l°'”e‘*°’”51NA°1"’““‘°'““N“l"’ 2969 indicates the presence of an isomeric structure where
deoxyHex deoxyHex units are placed on the second and third HexNAc
g 50 29w residues from the nonreducing end. See lower scheme in
2530 269 Figure 2C. [M+ NaJ" and [MH — CH;OH]* were observed
”e*-f’-“e;m%-“ex-°-“3*NA°¢°-““-°-““-%g;; at 4074, 4076 and 4020, 4022, respectively.
deonyHex 660 ES-MS Analysis of Monosialogangliosides from HL60
(decnyHesOH) (cdeonsHexOH) Cells (A) Fr 12-3 Ganglioside(s) present in Fr 12-3 was
w R O S W analyzed by ES-MS following methylation and injection in
NeuALcl—o—Hex—c—HexNAclo—Hexlo—Hex‘NAcl-o—Hex‘o—Hex'NAchO- the ES infusion solvent (data not shown). Distributions of
deonHex deofyHex sodlum.adducted ions were similar to those of Fr 122
ot Sph FA MW 2488 2937 (preceding paper, Figure 6A), but each peak had an additional
658 dis:1 241 4051 2520 2969 satellite peak (ca. 50% abundance) 28 amu lower, which
660 d1g:1 240 4053 Hex-o_nexNAclo_Hex_o_HexNAc1o—Hex—o—H°x-°t§§; suggests alkane heterogeneity in the Cer moiety. Consider-
660 ing the molecular weight, the three major iongz 925.6",

FIGURE 2: Fragmentation patterns arfdon and “ion FABMS 1225.#*, and 1826.1", were not related to gangliosides

spectra of various gangliosides isolated from HL60 cells. Panel ; _ ; ;

A: *Tlon FABMS spectra of permethylated Fr 14 (mass range-100 present .”.1 Fr12-2 by differences .m Ca‘.rbOhydrate’ af‘d any
4600 amu; scan slope30’). Panel B: Upper and lower: two ~ COMpoOSitions must include alterations in the Cer moiety as
proposed isomeric monofucosylated structures and their fragmenta-well. Collision of the triply charged ion, 12254, provided

tion patterns. Neutral loss of MeOH yields secondary fragments; the spectrum in Figure 3.

(a) neutral loss of 3-linked substituent. Panel C: Upper and : :

lower: two proposed isomeric difucosylated structures and their A _L‘?‘CN fragment lon series was obs_erved from both
fragmentation patterns. Neutral loss of MeOH yields secondary t€rmini, as well as an identical sphlngenlne fragmmz
fragments; (a) neutral loss of 3-linked substituent. 287.1. Much larger was the Cer iom/z 660.1, attributed
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1187.8 an N-palmitoyl moiety. Thus, this single component in Fr
(M + 3Na)™* 13-1 can be accounted for as a difucosylakegalmitoyl
analog. The LacN sequence ions from the nonreducing end
indicate no fucosylation on the terminal LacRyz 847,
whereas the next two LacN moieties are shifted up 174 amu,
indicating that both carry a fucosyl residue. The carbohy-
drate residues on this myeloglycan appear to be identical
with the difucosylated sample in Fr 12-3 (lower inset scheme
(M + 2Na)™* of Figure 3).
1770.3 (C) Fr 13-2 Direct ES-MS injection of permethylated
M + aNa)™ gangliosides from Fr 13-2 provided the spectrum in Figure
896.7 5a. Triply charged ions were observedmalz 1130.G,
1188.2%, and 1282.%", indicating three components of
209 3321.0, 3495.3, and 3779.7 Da, respectively. Each triply
1010.0 charged ion was analyzed by CID.
15031 The CID spectrum ofVz 1130.6" is shown in Figure
5-b. Major fragments from the nonreducing end yielded the
sequence Neu5Ac-LacN-LacN(deoxyHex)-LacN-LacN-Hex-
NeuNAcFuc,HexNAc,Hex Cer 646 72 Hex-Cer, where LacN= GalGIcNAc (see inset scheme of
12847 10057 Figure 5-b). The observed ion a¥z 1470 (Neu5AcLacN-
Nauuz\o\nas}slm*46%{[31\‘*3;5%1"40vl?ﬁ\“‘ﬂ!Gﬁﬁl*ddlZNm\‘%walm-doll:Nﬂ:\nzcla}matiCIJc\\«:Cur LaCN(deOXyHeX)) and the absencm 1021 representlng
1587 135847 f tgi 4], 1as 997 5as Neu5Ac-LacN(deoxyHex) positioned the fucosyl moiety on
Resl v Fin the penultimate lactosamine residue. The ganglioside de-
I scribed here is similar to that observed in Fr 12-2.
b ] e i The CID spectrum ofivz 1188.2" is provided in Figure
' 5-c. Fragment ions from both nonreducing and reducing
80 ends were observed satisfying the sequence Neu5Ac-LacN-
LacN(deoxyHex)-LacN(deoxyHex)-LacN-Hex-Hex-Cer (see
inset scheme of Figure 5-c). As observed in Fr 13-1, the
sequence ions from the nonreducing end indicate no fuco-
10593 sylation on the distal LacNn/z 1583*) but rather on the
07 y next two internal LacN moieties (1358and 1046.4"). The
carbohydrate composition and Cemalz 548 are consistent
wd il BN e ] with the structure established in Fr 13-1.
37.5‘9\ - The CID spectrum ofwWz 1282.9" is shown in Figure
ot L L b A UL I 5-d. Cer-containing fragments positioned fucosyl residues
500 1000 1500 at the penultimate LacNnfz 1158*) and at the next two
FiGure 4. (a) ES-MS spectrum of Fr 13-1. (b) CID spectrum of internal LacN moietiesnyz 1414" and 1102"). Reducing
n/z 1187.8 [M+ 3NaP". Inset scheme: proposed structure and and nonreducing end fragments support the sequence Neu5Ac-
fragmentation pattern. LacN(deoxyHex)-LacN(deoxyHex)-LacN-(deoxyHex)-LacN-

by difference to theN-acyl tetracosanoyl moiety, [GH Hex-Hex-Cer (see inset scheme of Figure 5-d). The Cerion
(CHy)22C(0)—]. Considering this difference, the molecular at m/z 660 with anN-acyl tetracosanoyl moiety is consistent
weight, 3606.3, will be satisfied by the addition of one more With the Cer ion observed in Fr 12-3.
fucosyl residue. The sequence iomgz 1283.8, 1059.5, Reactvities of Various Gangliosides with mAbs FH6,
1645.5, 1021.6, and 398, indicate fucosyl residues on theSNH3, SNH4, and CSLEXThese mAbs were originally
latter two nonreducing termini (upper inset scheme of Figure identified as being directed to Ster sialosyl dimeric L&
3). Prominent LacN ionevz 847.4 and 1471.0 indicate the ~ structure. All the mAbs cross-reacted with 8tr, VI, VIl ,
selected ion, 122531, to be composed of an isomeric VI, andX (preceding paper, Table 1) and with St ,
mixture with a portion of the sample showing fucosylation XIll , andXIV (preceding paper, Table 2). They did not
shifted one residue toward the reducing end (lower inset absolutely require Skgerminal structure for their reactivity.
scheme of Figure 3). When CSLEX or FH6 was established, there was negligible
(B) Fr 13-1 The methylated ganglioside present in Fr reactivity reported with such structures #¢ and VI
13-1 was dissolved in a methanol/water solution (6:4) (Fukushi et al., 1984b; Fukushima et al., 1984). However,
containing 0.25 mM sodium hydroxide and profiled by ES- obvious cross-reactivity with these structures is now dem-
MS (Figure 4-a). Three major ions were observed in four, onstrated. This is seen with both solid-phase antibody
three, and two charge state¥z 896.7", 1187.8", 1770.3", binding assay on multiwell plates coated with GSL, and the
indicating a single component of 3495.7 Da (Figure 4-a). TLC overlay technique. Figure 6 shows reactivities of FH6,
The triply charged ionpwz 1187.8, was analyzed by CID, SNH3, and SNH4 with sialosyl dimeric K¢VI3NeuAc\s-
which provided the spectrum shown in Figure 4-b. The Fuclll®FucnLgCer), SL& hexasaccharide Cer (MeuAcl!I3-
product ions of this collision provided much of the same FucnLcCer), and sialosylorhexaosyl-Cer (ViINeuAcnLg-
detailed information as in earlier figures (see inset schemeCer). mAb SNH3 showed high specificity with structures
of Figure 4-b). The iom/z548.7 suggests an identical Cer having SLé& epitope, but still cross-reacted with sialosyl type
as that detected in Fr 12-2 (preceding paper, Figure 6A) with 2 chain without fucose (see Discussion).
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Ficure 6: Reactivities of mAbs previously reported as being
directed to SL¥&(FH6, SNH3, SNH4) with three GSL structures.
Panel A: Sialosyl dimeric Le(VI3NeuAc\eFuclll®FucnLgCer).

Panel B: SL& hexasaccharide Cer (PMeuAclll®FucnLgCer).
Panel C: Sialosylorhexaosyl-Cer (VANeuAcnLgCer). 96-well
plates were coated with the respective GSLs in the quantities shown
on abscissa and subjected to antibody-binding assay as described
previously (Fukushi et al., 1984b). Note that sialosyhexaosyl-

Cer reacted with all three mAbs.

NeuNAc;FucyHexNAcHexgCer 472 d

398 1021 1645 111?2 13—\7102 106*3\‘3 DlSCUSSION
X

e Tﬂmi“‘“mi s e Does SL&Represent a Physiological Ligand of E-Selectin
Rew R e in Neutrophils and HL60 Cells?The generally-accepted
nsp2” 12834 concept that SLes the target epitope of E-selectin binding
10634° is based primarily on the following facts: (a) Slie thought
ot to be expressed on human neutrophils, leukemic leukocytes,
myelogenous leukemia HL60 cells, monocytic leukemia
1 so0s 160" U937 cells (Fukushi et al., 1984a; Symington et al., 1985;
Ito et al., 1994), and mutants of CHO cells (Campbell &
and el Stanley, 1984), because these cells are reactive with various
2 mAbs claimed to be directed to Sidespite their strong
cross-reactivity with other structures (see Specificity of Anti-
SLef Antibodies..., below); (b) these “Sk-expressing cells”
bind to TNFa- or IL-1-activated ECs which express E-
e s AN N ik o A Lo selectin (Lowe et al., 1990; Phillips et al., 1990; Ito et al.,
300 o40 w0 1660 2000 1994); (c) E-selectin-dependent adhesion of the above-listed
cells to activated ECs is inhibited by liposomes containing
FIGURE 5: (a) ES-MS spectrum of Fr 13-2. (b) CID spectrum of GSLS or oligosaccharides with a terminal Slstructure
mz1129.9 [M+ 3NaP*. (c) CID spectrum ofi'z 1188.1 [M+ (Phillips et al., 1990). Previous analytical data on E-selectin
3NapP+. (d) CID spectrum ofm/z 1283.4 [M + 3NaF*. Inset binding carbohydrates were N-linked structures of neutrophils
schemes: proposed structures and fragmentation patterns. and leukemic cells (Asada et al., 1991; Patel et al., 1994)
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based on the enzymatic or chemical degradation patterns ofof StrXVIIl than did 13-1, E-selectin binding activity of Fr
oligosaccharides released from glycoproteins. However, 12-3 was less than that of Fr 13-1. EWIl , therefore, plays
there has been no unambiguous chemical analysis ofa major role in E-selectin binding activity. This conclusion
carbohydrate structures expressed on normal human neutrowas supported by the fact that Fr 14 shows clear binding to
phils or HL60 cells capable of binding to E-selectin, mainly E-selectin, completely lacks Ststructure, and contains Str
because of the nonavailability of sufficient material and XXII . Importantly, StrXVIl andXXIl share the common
technical difficulties in separating pure compounds and structure

analyzing highly complex structures.

We systematically analyzed the structures of monosialo-
gangliosides from HL60 cells and compared the structures
of gangliosides capable vs noncapable of E-selectin binding. Components having SXVII or XXII , which lack SL&
E-selectin binding patterns were also compared with those but have multiple internal fucosylation, collectively termed
of gangliosides from normal human neutrophils. For E- “myeloglycan”, appear to be those responsible for physi-
selectin binding capability, we obtained satisfactory results ological E-selectin binding under static conditions. TLC
using a TLC staining method (Swank-Hill et al., 1987) with staining assay of gangliosides from neutrophils shows the
32P-labeled CHO cells which permanently express E-selectin. same E-selectin binding pattern as for HL60 cells. These
Based on this study, we were faced with the question of findings were based on the static adhesion conditions
whether SL& acted as a physiological ligand of E-selectin, described for this study.e., TLC overlay technique employ-
although our data were limited to GSLs expressed on normaling E-selectin-expressing CHO Cells. Involvement of sulfate
leukocytes and HL60 cells. The major ganglioside (99%) in E-selectin-dependent adhesion has been suggested (Yuen
of Fr 13-1 (which shows strongest E-selectin binding) is Str et al., 1992). However, none of the E-selectin-binding GSLs
XVII . Fr 14, which contained SXXII andXXIIl but not

Ggl4GIcNACB3Gal B4GIGNAC 3Gal B4GINACB3Gal B4GIcNACB3Gal =R

NeuAco Fuca Fuca

even a trace quantity of Skeontaining gangliosides,
nevertheless bound clearly to E-selectin. As further dis-

in HL60 cells or neutrophils contain sulfate.
The present results apply only to Fr-14 separated on
HPLC, particularly to Fr 1214, which contain the E-

cussed in subsequent sections, human leukocytes (neutroselectin-binding structures termed “myeloglycan”. A series

phils) and HL60 cells express very little Stsut do have a
relatively abundant structure (exemplified by W1l and
XXII' and collectively termed “myeloglycan”), which may
represent a physicological ligand for E-selectin.

A novel ganglioside, SNeuAcVII*Fuc\eFucnLgCer (Str
XVII'), was the major ganglioside component of Fr 13-1.

of slower-migrating myeloglycans, as shown in Figure 2 of
the preceding paper, may have analogous structuegd,6-,
18-, 20-, 22- or 24-monosaccharide cores with terminal
a2—3 sialosylation and multiplen1—3 fucosylation at
GIcNAc of LacNAc units. The myeloglycan core, consisting
of unbranched LacNAc, is known to form a helical structure

The same ganglioside was also found as a major componen{Niemann et al., 1978), which provides a specific spatial

in Fr 12-3 and 13-2. Another novel ganglioside®-X
NeuAclXeFucVIIEFucnLgqCer (StrXVIII ) was found in Fr

relation between sialosyl and multiple fucosyl residues at
specific sites of GICNAc.

12-3 and 13-1 as an extremely minor component, detected Specificity of Anti-SLCeAntibodies, Enzymatic Synthesis

by ES-MS with CID. Novel ganglioside 3leuAclX3-
FucVIIBFuc\VPFucnLgoCer (StrXIX) was found as a very
minor component in Fr 13-2. The major component of both
Fr 13-1 and 13-2 was SKXVII .

Fr 14, containing a 12-sugar core, consisted of four
components. The major components were&trandXXIl .
Str XXl andXXIll were very minor components. Because

of Myeloglycan, and Its Possible Presence in Glycoprotein
Side Chains from HL60 CellsMonoclonal antibodies FH6

(Fukushi et al., 1984b), CSLEX (Fukushima et al., 1984),
SNH3, and SNH4 (Muroi et al., 1992), previously character-
ized as being directed to Steare known to react with

neutrophils, monocytes, leukemic leukocytes, HL60 cells,
and U937 cells (lto et al., 1994; Fukushi et al., 1984a;

monofucosyl components had smaller Cer and difucosyl Symington et al., 1985). However, we carefully reinvesti-
components had larger Cer, they migrated together as a singleyated the specificity of all these mAbs and found that they

band on HPTLC. Not even trace quantities of SlLe
containing gangliosidese., Str XVIll and XIX) were
found in Fr 14.

Structural Requirements for E-Selectin Binding in HL60
Cells and Human NeutrophilsSLe gangliosides having a

cross-react with not only myeloglycan-bearing and SLe
bearing GSLs, but also “VIM-2" epitope-bearing GSLs.
Strong reactivity of cells with these mAbs obviously does
not confirm the presence of SL.eExtensive reinvestigation
of the specificity of these mAbs is needed.

4- to 8-monosaccharide core are absent from HL60 cells and This study is limited to GSLs because we could isolate

human neutrophils. Comparison of E-selectin binding ability

them to near purity and obtain unambiguous structural

of various fractions containing gangliosides with a 10-sugar analysis. Terminal structures present in glycoprotein glycans

core,i.e., StrX andXI (nonbinding) vsXVIl , XVIlI , and
XXl (binding), indicates that terminat-23 sialylation and
multiple fucosylation at GIcNAc-VII and -V, or GIcNAc-
IX, are the structural requirements for E-selectin binding.
The fractions showing the strongest E-selectin binding
activity were Fr 13-1 and 13-2, followed by 12-3. The
presence of SPgerminus with internal fucosylation (Table
1, Str XVIII and XIX) might be invoked to explain the
E-selectin binding properties of these fractions. However,
Fr 13-1 contains StXVIl and only a trace quantity<(1%)

of StrXVIIl . While Fr 12-3 contained much higher levels

are not always the same as those in GSLs (Stroud et al.,
1994). However, no previous study has provided unambigu-
ous evidence that Skés amajor epitope on neutrophils or
HL60 cells. The previous claim (Fukuda et al., 1984, 1985)
for SLef terminus detected ihion FABMS of permethylated
myelogenous leukemia cell glycan was based primarily on
the extremely small intensity afvz 999 signal (the specific
signal for permethylated Sken Tion FABMS). Further-
more, the origin of the samples was leukemic leukocytes.
PLA structure (NeuAa2—3/6)-2(Galf1—4GIcNAC), with

or withouta1l—3 fucosylation to GIcNAc of multiantennary
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N-linked glycan was claimed to be present as a minor Fukushi, Y., Nudelman, E. D., Levery, S. B., Rauvala, H., &

component of CD11/CD18 from normal human neutrophils
(Asada et al., 1991). The presence of Shas assumed,

but no clear evidence was presented. Myeloglycan, rather

Hakomori, S. (1984b). Biol. Chem 259, 10511+-10517.

Fukushima, K., Hirota, M., Terasaki, P. ., Wakisaka, A., Togashi,
H., Chia, D., Suyama, N., Fukushi, Y., Nudelman, E. D., &
Hakomori, S. (1984Cancer Res44, 5279-5285.

than SL&, may have been present as the major epitope. More Goelz, S. E., Hession, C., Goff, D., Griffiths, B., Tizard, R.,

recently, N-linked radiolabeled carbohydrate profiles of
various tumor cell lines including HL60 and U937 cells were

compared with the known chromatographic behavior and

Newman, B., Chi-Rosso, G., & Lobb, R. (1990l 63 1349-
1356.

Holmes, E. H., & Macher, B. A. (1993)rch. Biochem Biophys
301 190-199.

digestibility of glycosylhydrolases. Oligosaccharides bound |io, K., Handa, K., & Hakormoi, S. (19943lycoconjugate J11,

to an E-selectin column were found to be a very minor

232—-237.

component having a tetraantennary structure with sialosyl Kannagi, R., Stroup, R., Cochran, N. A, Urdal, D. L., Young, W.

dimeric L& present at the Marl—3Man side chain.

Detailed data in support of this claim were unclear (Patel et

al., 1994).

The al—3 fucosyltransferase (FT) from HL60 cells
(myeloid type FT) (Potvin et al., 1990; Goelz et al., 1990)
can create a Fud—3 linkage to the subterminal and internal
GIcNAc of PLAs to form Lé&, dimeric L& (Le*—Le¥), or
trimeric Le* (Le*-LeX-LeX), but it cannot effectively synthe-
size SL&, i.e., create a Fuzl—3 linkage to the penultimate
GIcNAc when terminabx2—3 sialic acid is present. Under
certain conditions, myeloid type FT IV is capable of
preferentially transferring Fud—3 to the internal GICNAc
(Holmes & Macher, 1993). Thex1—3FT capable of
transferring Fuc to the penultimate GIcNAc when the
terminal Gal iso2—3 sialylated has been clearly distin-
guished from myeloid type FT IV, and termed—3 FT

VIl (Sasaki et al., 1994; Natsuka et al., 1994). In these latter

studies, only short-chain substrates were useg L acNAc,
sialosyl-LacNAc, and sialosyl-lactd-neotetraose. It is
conceivable that FT IV and FT VII cooperatively synthesize
myeloglycan, but not the SEeepitope alone, if a suitable
PLA having a 10- to 12-sugar core is used as substrate.
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