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Abstract

By using two different reaction pathways, we generated enzymatically three sialylated and
site-specifically a1-3-fucosylated polylactosamines. Two of these are isomeric hexasaccha-
rides NeuSAc(a2-3)Gal( 81-4)GlcNAc( B1-3)Gal( 81-4)[Fuc(a1-3)]JGIcNAc and
Neu5Ac( a2-3)Gal( B8 1-4)[Fuc( @ 1-3)]GIcNAc( 81-3)Gal( 81-4)GIcNAc, containing epitopes
that correspond to VIM-2 and sialyl Lewis x, respectively. The third one, nonasaccharide
NeuSAc(a2-3)Gal( B1-4)GIcNAc( 81-3)Gal( B 1-4)[Fuc( a1-3)IGlcNAc( B1-3)Gal( B1-
A[Fuc(@1-3)IGlcNAc, is a sialylated and internally difucosylated derivative of a trimeric
N-acetyllactosamine. All three oligosaccharides have one fucose-free N-acetyllactosaminyi
unit and can be used as acceptors for recombinant « 1-3-fucosyltransferases in determining
the biosynthesis pathways leading to polyfucosylated selectin ligands. © 1998 Elsevier
Science Ltd.
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1. Introduction

The binding between selectins and their carbo-
hydrate containing counterreceptors is crucial in the
initial attachment of leukocytes to endothelium lining
the blood vessels [1-6]. All selectins interact with the
mucin-like glycoprotein PSGL-1 expressed on leuko-
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Scheme 1. Synthesis of the VIM-2 hexasaccharide (1d)
and denotation of its monosaccharide residues.

GleNAc(B1”

3Gal(B1-4)GIeNAc(B1”

GleNAc(B1”

3,Gal(B1-4)GIeNAc(B1”

Gal(B1-4)GleNAc(B1”

6 5 Y
7 Gal(B1-4)GIcNAc(B1
/3
NeuSAc(o2

3
Fuc(al/ )

3
Fuc(al” )

4
3,Gal(B1-4)GlcNAc(B1”
3
Fuc(ol
9

cytes [7-14]. Recently, PSGL-1 has been shown to
carry a sialyl trimeric Lewis x epitope, consisting of a
sialyl Lewis x (sLex) tetrasaccharide on top of a
doubly fucosylated polylactosamine backbone [15].
The biosynthetic pathway for the polyfucosylated
PSGL-1 glycan is not known. Of the five cloned
human (a1-3)-fucosyltransferases, FucTIV and
FucTVII are transcribed in leukocytic cell lines that
express selectin ligands [16-21]. To investigate the
relative roles of FucTIV and FucTVII in the control
of polyfucosylated selectin ligand expression, we
constructed three site-specifically but only partially
prefucosylated oligosaccharide acceptors using (a1-
3 /4)-fucosyltransferase(s) from human milk [22,23].

Two different synthetic routes were used to direct
the enzymatic transfer of (a1-3)-linked fucose to
specific positions in oligomeric N-acetyllactosaminyl
saccharides. In the first one, the synthesis of ‘inter-
nally’ (a1-3)-fucosylated sialyloligosaccharides in-
volved (a1-3)-fucosylation of primer oligosaccha-
rides, that carried a terminal B1-3-bonded residue.
This GlcNAc does not serve as an acceptor site for
human milk (@ 1-3 /4)-fucosyltransferase(s) [24-26].
The products were then ( B1-4)-galactosylated and
terminally (a2-3)-sialylated as in Ref. [25]. One of
the final products (1d in Scheme 1) thus obtained is a
hexasaccharide corresponding to the VIM-2 epitope
originally found on gangliosides of human myeloid
cells [27]. The other one is an internally difucosylated
nonasaccharide (2d in Scheme 2). A methyl glyco-
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Scheme 2. Synthesis of the internally difucosylated nonasaccharide (2d) and denotation of its monosaccharide residues.
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Fig. 1. Expansions of 'H NMR spectra of the product saccharides 1d, 2d and 3d at 23 °C. The denotation of the
monosaccharide residues is shown in Scheme 1-3. The signals marked by an asterisk ( *) arise from unknown contaminants
and the resonances marked by C are the C satellites of acetone. The low intensity peaks seen in the spectrum of 3d are
due to reducing end ManNAc epimers of 3d. For exact chemical shifts, see Table 1.
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side analog of the latter one has been purified as an
intermediate reaction product from a reaction mixture
generated by human milk (al-3/4)-fuco-
syltransferase(s) [28], but the first site-specific syn-
thesis is described in the present experiments.

The second synthesis route, leading to the sLex-
terminating hexasaccharide (3d in Scheme 3), started
from the pentasaccharide Gal( 81-4)GIcNAc( B1-
3)[GlcNAc( B1-6)]Gal( B1-4)GIcNAc (3a). We have
recently shown that human milk (al-3/4)-fuco-
syltransferase(s) do not react with inner N-acetyl-
lactosaminyl units that carry a ( 81-6)-linked N-
acetylglucosaminyl branch at the Gal [26,29]. Here,
we used this observation to synthesize the sialyl
Lewis x hexasaccharide (3d) by directing the enzy-
matic (e« 1-3)-fucosylation to the distal N-acetyl-
lactosaminy! unit of a sialylated dimer of N-acetyl-
lactosamine (3a). After enzymatic ( a2-3)-sialylation
and («1-3)-fucosylation, the protecting ( B1-6)-
GlcNAc was removed with [B-N-acetylhexosamini-
dase.

2. Results

Synthesis of the hexasaccharide 1d (Scheme 1).—
The primer trisaccharide GleNAc( 81-3)Gal( 81-

Table |

4)GIcNAc (1a) was incubated with GDP-Fuc and
(a1-3 /4)-fucosyltransferase(s) from human milk.
The reaction mixture was desalted by a column of
Dowex AG 50 (H*) and Dowex AG 1 (OAc™) and
the reaction product 1b was purified by gel-permea-
tion chromatography (GPC). The retention time of
the product in GPC was 15.5 min (not shown).
Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) of the
product gave a major peak at m/z 755.6 [calculated
m/z 755.7 for (M + Na)* of dHex Hex ,HexNAc,].

The tetrasaccharide 1b was then incubated with
UDP-Gal and bovine milk ( B1-4)-galacto-
syltransferase. The product 1¢ was desalted and puri-
fied by GPC; the retention time of the product was
14.6 min. MALDI-TOF MS showed that the reaction
was complete; the product gave a peak at m/z 917.9
[calculated m/z 917.8 for (M + Na)* of
dHex Hex ,HexNAc,].

The pentasaccharide 1¢ (670 nmol) was incubated
with CMP-Neu5Ac and human placental microsomes
containing « 2-3-sialyltransferase activity. In anion-
exchange chromatography (AEC) the major product
eluted at the position of monosialyloligosaccharide;
after desalting by GPC (retention time 13.4 min), the
amount of the product 1d was 540 nmol.

'"H NMR chemical shifts (ppm) of structural reporter groups of glycans at 500 MHz, 23 °C

Reporter group Residue® Glycans

SA-LN-LN-LN¢ SA-LN-Lex-Lex-Me‘ 1d 2d 3d
H-1 la 5.204 - 5.090 5.090 5.205
18 4.718 4.472 4.725 4.726 4718
2° 4.465 4.431 4.440/4.447 4.437/4.445 4.458/4.462
3P 4.701 4.707 4.693/4.697 4.705/4.709 4.702/4.706
4 4.465 4.450 4.559 4.448 4.530
5 4.695 4.698 - 4.693 -
6 4.558 4.558 - 4.558 -
8 - 5.086 5.090 5.090 -
9 - 5.122 - 5.121 5.120
H-2 la n.d. - 4.157 4.157 n.d.
H-3 4 n.d. n.d. 4.117 n.d. 4.086
6 4.116 n.d. - 4.116 -
H-3ax 7 1.798 1.797 1.798 1.798 1.793
H-3eq 7 2.758 2.759 2758 2.758 2.764
H-4 2 4.158 n.d. 4.098 4.097 4.163
4 4.158 n.d. n.d. 4.097 n.d.
H-6 8P - 1.145 1.149 /1.155 1.151 -
9 - 1.152 - 1.151 1.167

“For numbering of the residues, see Scheme 1-3.

"If two values are given, they correspond to the two anomeric forms of residue 1.

°Present synthesis; the residues are numbered as in Scheme 2.

‘Data from Ref. [28], acquired at 400 MHz, 300 K. The residues are numbered as in Scheme 2.

n.d., not determined; —, not applicable.
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Scheme 3. Synthesis of the sLex-terminating hexasaccha-
ride (3d) and denotation of its monosaccharide residues.

The 'H NMR spectrum (Fig. 1 and Table 1)
confirms that the sialylated product is the VIM-2
hexasaccharide 1d. The spectrum reveals reporter
group signals from all six monosaccharides in appro-
priate strength. The chemical shifts of the ‘reporter
groups’ observed for 1d are quite similar to those of
the VIM-2 glycoside NeuSAc(a2-3)Gal( B1-
4)GIcNAc( B1-3)Gal( 81-4) [Fuc( a1-3)]GleNAc-O-

495

CH,(CH,),CO,CH, reported by Kashem et al. [30].
The resonances originating from the reducing end
area of 1d resemble closely those of pentasaccharide
Gal( B1-4)GIcNAc( B1-3)Gal( B1-4)[Fuc(al-
3)]GIcNAc (Niemel et al., in preparation) while the
signals from the non-reducing area are similar
to those of the fucose-free heptasaccharide Neu-
5Ac(2-3)Gal( B1-4)GlcNAc( B1-3)Gal( B1-4)Glc-

NAc( 81-3)Gal( 81-4)GIcNAc (see Table 1). In par-
ticular, the H-1 and H-3 resonances of Gal(4) and the
H-3ax and H-3eq of NeuSAc(7) are typical of the
fucose-free Neu5SAc(a2-3)Gal( 81-4)GIcNAc  se-
quence. On the other hand, the H-4 signal of Gal(2)
at 4.098 ppm is characteristic to the fucose-contain-
ing reducing end Lex group in Gal( 81-
4)GlcNAc( B1-3)Gal( B1-4)[Fuc(a1-3)]GIcNAc
(Niemeld et al., in preparation). The characteristic
chemical shift for GIcNAc(1) H-2 « [[23,31], Niemel4
et al., in preparation] indicates also that the fucose is
linked to GIcNAc(1).

Synthesis of the nonasaccharide 2d (Scheme 2).—
The primer pentasaccharide GleNAc( 81-3)Gal( B1-
4)GlcNAc( 81-3)Gal( B1-4)GIcNAc (2a) was a/l-3-
fucosylated using GDP-{U-'*CJFuc and human milk
(a1-3 /4)-fucosyltransferase(s) as reported by
Niemel et al. (in preparation). The major product of
the reaction (87% of radioactivity) represented a hep-
tasaccharide that was isolated by paper chromatogra-
phy.

The heptasaccharide product 2b was ( B1-4)-
galactosylated. In MALDI-TOF MS, the desalted
product 2¢ (Fig. 2) revealed a major peak at m/z

600 - Gal3GleNAczFuc;
(M+Na)* = 1429.3
2 400 1
£
g GalzGlcNAc3Fue;
~ (M+Na)* = 1283.3 Gal3GlcNAczFuc,
‘—_
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Fig. 2. MALDI-TOF mass spectrum of the octasaccharide 2¢. The two major peaks at m/z 1429.3 and 1445.4 correspond to
(M+Na)® and M +K)* of 2¢, respectively. The signal at m/z 1283.3 is assigned to (M + Na)* of analogous

heptasaccharide which have lost one fucosyl residue.
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1429.3 that was assigned to (M + Na)™ of
dHex ,Hex ;HexNAc; (calculated m/z 1429.3). The
signal at m/z 1445.4 is assigned to (M +K)* of
dHex ,Hex ;HexNAc, (calculated m/z 1445.3). The
signal at m/z 1283.3 is assigned to (M + Na)* of
dHex Hex ;HexNAc, (calculated m/z 1283.1); its
size corresponds to 14% of total polylactosamines
[32]. Degradation of 2¢ to the monofucosylated com-
pounds may have occurred during the mass spectro-
metric analysis.

The difucosylated saccharide 2¢ (200 nmol) was
sialylated as above. The reaction was terminated by
running the reaction mixture on a columnn of Dowex
AG 50 (H*) and Dowex AG 1 (OAc™); the sialy-
lated product was eluted with CH,COOH [33]. The
retention time of the product in AEC was typical of
monosialylated oligosaccharides. The yield of de-
salted 2d was 160 nmol.

The '"H NMR spectrum of 2d (Fig. 1 and Table 1)
reveals reporter group signals of nine monosaccha-
rides, many of the resonances resembling closely
those of the methyl glycoside of 2d [28]. Besides the
resonances originating from the hexasaccharide back-
bone, signals of two fucoses and one N-
acetylneuraminic acid are present in the spectrum of
2d. The spectrum shows typical signals of a reducing
end Lex unit (Niemeld et al., in preparation), together
with resonances of a non-reducing end sialyl-V-
acetyllactosaminyl unit (see Table 1). Hence, the
second (a1-3)-bonded fucosyl residue must be lo-
cated at the middle N-acetyllactosaminyl unit. Taken
together, the NMR-data confirm the structure of 2d.

Synthesis of the hexasaccharide 3d (Scheme 3).—
The primer pentasaccharide Gal( 81-4)GIcNAc( B1-
3)[GIcNAc( B1-6)]Gal( B1-4)GIcNAc (3a) was sialy-
lated and desalted as above and the product 3b was
purified by AEC. From two runs, the major peak
eluting at the position of monosialyloligosaccharides
was pooled. The retention time of the pooled acidic
saccharide 3b in GPC was 13.1 min.

The sialylated hexasaccharide 3b was further incu-
bated with GDP-Fuc and human milk «1-3/4-fuco-
syltransferase. The reaction was terminated by inject-
ing the reaction mixture into a Superdex Peptide HR
10/30 column in four batches; the peak at 12.9 min
was pooled. The product 3¢ was purified by AEC,
where it behaved like monosialylsaccharides; it was
then desalted by GPC. A small sample of 3¢ was run
in high-pH anion-exchange chromatography
(HPAEC). A major peak was observed at 18.5 min
and a minor peak at 22.4 min (not shown). The
former represented 3¢ and the latter probably the

reducing end ManNAc epimer. The fucosylation was
complete as no detector response was observed at the
position of the nonfucosylated acceptor 3b, at 32
min. The remarkable shift in retention time in HPAEC
is typical for (a1-3)-fucosylation [34].

The ( B1-6)-linked N-acetylglucosaminyl branch
of the fucosylated heptasaccharide 3¢ (580 nmol) was
removed with (-N-acetylhexosaminidase from jack
bean. The reaction product 3d was purified by con-
secutive GPC, AEC and GPC runs. The retention
time of the product 3d in GPC was 13.3 min, which
indicates a loss of a GlcNAc from the molecule. The
yield of the putative hexasaccharide 3d was 520
nmol.

Comparison with the 'H NMR spectra of 1d and
2d (Fig. 1 and Table 1) shows that in 3d the
GIcNAc(1) is not fucosylated. On the other hand, the
reporter group signals originating from the non-re-
ducing end area are similar to those reported for
sLex-glycans [35-39]. In addition, the resonances
from the reducing end area are identical with those of
Gal( B8 1-4)[Fuc(a1-3)IGIcNAc( B1-3)Gal( B 1-
4)GIcNAc [29].

3. Discussion

In the present report, we show that sLex-terminat-
ing polylactosamines, free from VIM-2 type isomers
or polyfucosylated products, can be synthesized by
using human milk (« 1-3 /4)-fucosyltransferase(s) and
acceptors in which the ‘inner’ N-acetyllactosaminyl
units are temporarily blocked by ( 81-6)-linked N-
acetylglucosaminyl branches. The blocking N-
acetylglucosaminyl branches can be transferred to the
‘inner’ galactoses by using a ( 81-6)-N-acetylgluco-
saminyltransferase activity that is present in serum of
mammals [40-42]. After the site-specific (a1-3)-
fucosylation at the unblocked distal sialylated N-
acetyllactosaminyl unit, the blocking N-acetylgluco-
saminyl residues can be removed by [B-N-acetylhe-
xosaminidase. In an earlier study, we used this ap-
proach to convert the neutral tetrasaccharide Gal( 81-
4)GlcNAc( B1-3)Gal( 81-4)GIcNAc to neutral pen-
tasaccharide Gal( 81-4)[Fuc(«a1-3)]GIcNAc( B1-
3)Gal( B1-4)GIcNAc in a site-specific manner [29].
Analogous temporary blocking has been used in di-
recting the fucosylation away from the non-reducing
area by using a temporary (@ 2-6)-bonded N-acetyl-
neuraminyl residue located at the terminal non-reduc-
ing end galactose [30].
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The ‘internally’ ( a1-3)-fucosylated sialyloligosac-
charides were synthesized in our present study by
using a similar synthesis route as reported by Kashem
et al. [25], simply by consecutively (a1-3)-fucosylat-
ing, ( B1-4)-galactosylating and (a2-3)-sialylating
the primer oligosaccharides, that contained a terminal
( B1-3)-bonded GIcNAc residue. This reaction se-
quence is based on the facts that (i) the unsubstituted
( B1-3)-linked N-GLcNAc at the non-reducing termi-
nus is not an acceptor for the fucosyltransferases of
human milk [24-26] and (ii) the ‘internal’ fucosyl
residue does not prevent the galactosylation by bovine
milk B 1-4-galactosyltransferase [25,30]. Successful
sialylation of 1¢ and 2¢ by (a?2-3)-sialyltransferase
of human placenta shows that an ( a1-3)-fucosylated,
‘inner’ N-acetyllactosaminyl unit of the acceptor does
not prevent the reaction.

Many ( « 1-3)-fucosylation variants of unbranched,
terminally (@ 2-3)-sialylated N-acetyllactosaminyl
saccharides can now be obtained in acceptable yields
by combining the two synthetic routes used in the
present study. The action of human milk fucosyl-
transferase(s) can be directed to specific N-acetyl-
lactosaminyl units in polylactosamines (i) by elongat-
ing the backbone after the fucosyltransferase reaction,
and (ii) by using ( 81-6)-GlcNAc branches to block
the reaction at some sites. The identity of the milk
enzymes that are responsible for these findings has
not been very clearly established, but it appears
possible that in milk the Lewis enzyme or FucTIII
(EC 2.4.1.65) is accompanied by the plasma-type
enzyme or FucTVI (EC 2.4.1.152) [28].

Terminally («2-3) sialylated polylactosaminogly-
cans having several «1-3-fucosyl residues are puta-
tive high-affinity ligands for E-selectin [43-45]. The
presence of the trifucosylated glycan (sialyl-triLex)
of PSGL-1 [15] suggests that even P-selectin binds
avidly to sialylated and multifucosylated polylac-
tosaminoglycans. The availability of synthetic sac-
charides of this type will be valuable in future studies
concerning the biological relevance of multiple (a1-
3)-fucosylation.

The contributions of the two leukocytic (a1-3)-
fucosyltransferases, FucTIV and FucTVII, in the
biosynthesis of polyfucosylated selectin ligands is an
important and largely unresolved issue. FucTIV-
transfected CHO- and Jurkat cells show high levels
of anti-VIM-2 reactivity concomitantly to low levels
of sLex expression [17,46]. On the other hand,
FucTVII overexpression in Jurkat cells induces high
levels of sLex-related epitopes but eliminates the
VIM-2 epitope [46]. These and other data have sug-

gested that FucTIV and FucTVII may collaborate in
synthesizing polyfucosylated selectin ligands. This
hypothesis can now be elucidated by using the newly
synthesized, partially prefucosylated oligosaccharides
as acceptors for single species of recombinant (a1-
3)-fucosyltransferases.

4. Experimental

Oligosaccharides and monosaccharide nu-
cleotides.—The primer oligosaccharides were syn-
thesized as described earlier: GicNAc( B1-3)Gal( B1-
4)GlcNAc (1a) [47]; GlecNAc( B1-3)Gal( B1-
4)GlcNAc( B1-3)Gal( B1-4)GIcNAc (2a) [40];
Gal( B1-4)GlcNAc( B1-3)[GIcNAc( B1-6)]Gal( B1-
4)GlcNAc (3a) [29,42]. The heptasaccharide
Neu5Ac( a2-3)Gal( B1-4)GlcNAc( B1-3)Gal( B1-4)-
GlcNAc( B1-3)Gal( B1-4)GIcNAc was obtained by
( B1-4)-galactosylating and («2-3)-sialylating the
pentasaccharide 2a [40]. CMP-Neu5Ac, GDP-Fuc,
UDP-Gal and UDP-GlcNAc were from Sigma Chem-
ical, St. Louis, MO. GDP-{U-""CIFuc was from
Amersham (Buckinghampshire, UK).

Enzymatic methods.—The human milk (a1-3)-
fucosyltransferase (EC 2.4.1.37) reactions were per-
formed essentially as described [23,48], but in some
reactions additional GDP-Fuc and fresh enzyme were
added during the reaction.

The galactosylation with bovine milk ( 81-4)-
galactosyltransferase (EC 2.4.1.90; Sigma) was car-
ried out as described [49,50].

Human placental microsomes, containing ( a2-3)-
sialyltransferase activity [51] (EC 2.4.99.4), were pre-
pared as in Ref. [38]. Acceptor saccharide and 10-fold
molar excess of the donor CMP-Neu5Ac¢ were dried
in a vacuum centrifuge and the (a2-3)-
sialyltransferase reactions were started by adding 1
L of microsome suspension (80 wg of protein) in
0.1 M Tris—maleate (pH 6.7) per 4 nmol of acceptor.
The reactions were terminated after 19-24 h incuba-
tion at 37 °C.

Digestion with S-N-acetylhexosaminidase from
jack bean (EC 3.2.1.30; Sigma) was carried out in 1.4
mL of 50 mM sodium citrate (pH 4.0) containing 5.1
U of enzyme and 10.5 mg/mL of y-galactonolactone
[52]. The reaction mixture was incubated at 37 °C
overnight.

Chromatographic methods.—Filtration through a
column of Dowex AG 50 (H™) and Dowex AG |1
(OAc™) was used for desalting of oligosaccharides.
The neutral oligosaccharides were eluted with water
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and the monosialylated saccharides were eluted with
0.5 M CH,COOH as in Ref. [33].

Paper chromatography was performed as described
[53] with the upper phase of n-butanol:CH,
COOH:water 4:1:5 by volume.

GPC on a column of Superdex Peptide HR 10/30
(syntheses of 1d and 3d) or HR 10/75 (synthesis of
2d; Pharmacia, Sweden) was used for desalting and
quantitation of oligosaccharides [38]. The elution was
performed at a flow rate of 1 mL/min using water
for neutral oligosaccharides and 50 mM ammonium
hydrogen carbonate for anionic oligosaccharides. The
effluent was monitored with an UV detector at 214 or
205 nm, and the amount of oligosaccharide in each
peak was quantified by reference to an external cali-
brant (GIcNAc and NeuS5Ac).

HPAEC with pulsed amperometric detection was
carried out with a Dionex 4500i HPLC system (Di-
onex, CA) equipped with a CarboPac PA-1 column
(4 X 250 mm) at a flow rate of 1 mL /min [54]. The
anionic saccharides were eluted with a linear gradient
of 25-200 mM NaOAc in 100 mM NaOH over 150
min,

AEC was carried out on a Mono Q (5/5) column
(Pharmacia) at a flow rate of 1 mL /min. The elution
was performed isocratically with water for 4 min,
then with linear gradients of 0—0.025 M NaCl over 8
min, 0.025-0.25 M NaCl over 8 min, and finally,
0.25-0.5 M NaCl over 4 min. The effluent was
monitored with an UV detector at 214 or 205 nm.

"H NMR spectroscopy.—Prior to NMR experi-
ments, the saccharides were repeatedly dissolved in
2H20 and evaporated to dryness. The samples were
then dissolved in 600 uL of “H,0 (99.996 atom %;
Cambridge Isotope Laboratories, Woburn, MA, USA)
and the NMR experiments were performed on a
Varian Unity 500 spectrometer at 23 °C. A modified
WEFT sequence was used for water suppression [55].
The 'H chemical shifts were referenced to internal
acetone (2.225 ppm).

MALDI-TOF MS.—MALDI-TOF MS in the re-
flector mode was performed with a BIFLEX™ mass
spectrometer (Bruker-Franzen Analytik, Bremen,
Germany), using a 337-nm nitrogen laser. The sam-
ple solution (5-10 pmol of saccharide in 0.5-1.0 uL
water) and the matrix solution (20 pg of 2,5-dihy-
droxybenzoic acid in 2 uL water) were mixed on the
target plate and dried with a gentle stream of air.
Dextran standard 1000 from Leuconostoc mesen-
teroides (Fluka Chemica—Biochemica) was used as
an external calibrant.

Acknowledgements

This work was supported in part by grants from
the Ministry of Education of Finland (to J.R. and
JN.), from the Academy of Finland (Project No.
38042), from the Technology Development Center of
Finland and from the University of Helsinki.

References

[1] E.C. Butcher, Cell, 67 (1991) 1033-1036.

[2] N. Hogg, Immunol. Today, 13 (1992) 113-115.

[3] Y. Shimizu and S. Shaw, Nature, 366 (1993) 630~
631.

[4] L.A. Lasky, Annu. Rev. Biochem., 64 (1995) 113-
139.

[5] R.P. McEver, K.L. Moore, and R.D. Cummings, J.
Biol. Chem., 270 (1995) 11025-11028.

[6] T.A. Springer, Annu. Rev. Physiol., 57 (1995) 827—
872.

[7] D. Sako, X.-J. Chang, K.M. Barone, G. Vachino,
H.M. White, G. Shaw, G.M. Veldman, K.M. Bean,
T.J. Ahemn, B. Furie, D.A. Cumming, and G.R.
Larsen, Cell, 75 (1993) 1179-1186.

[8] M. Lenter, A. Levinovitz, S. Isenmann, and D. Vest-
weber, J. Cell Biol., 125 (1994) 471-481.

[9] K.L. Moore, S.F. Eaton, D.E. Lyons, H.S. Lichen-
stein, R.D. Cummings, and R.P. Mcever, J. Biol.
Chem., 269 (1994) 23318-23327.

[10] D. Asa, L. Raycroft, L. Ma, P.A. Aeed, P.S. Kaytes,
A.P. Elhammer, and J.-G. Geng, J. Biol. Chem., 270
(1995) 11662-11670.

[11] D.A. Guyer, K. Moore, E.B. Lynam, C.M.G.
Schammel, S. Rogelj, R.P. McEver, and L.A. Sklar,
Blood, 88 (1996) 2415-2421.

[12] O. Spertini, A.S. Cordey, N. Monai, L. Giuffre, and
M. Schapira, J. Cell Biol., 135 (1996) 523-531.

{13] L.L. Tu, A.J. Chen, M.D. Delahunty, K.L. Moore,
S.R. Watson, R.P. McEver, and T.F. Tedder, J. Im-
munol., 157 (1996) 3995-4004.

[14] B. Walcheck, K.L. Moore, R.P. McEver, and T.K.
Kishimoto, J. Clin. Invest., 98 (1996) 1081-1087.

[15] P.P. Wilkins, R.P. McEver, and R.D. Cummings, J.
Biol. Chem., 271 (1996) 18732—-18742.

[16] S.E. Goelz, C. Hession, D. Goff, B. Griffiths, R.
Tizard, B. Newman, G. Chi-Rosso, and R. Lobb,
Cell, 63 (1990) 1349-1356.

[17]1 J. Lowe, J. Kukowska-Latallo, R. Nair, R. Larsen, R.
Marks, B. Macher, R. Kelly, and L. Emst, J. Biol.
Chem., 266 (1991) 17467-17477.

[18] K. Yago, K. Zenita, H. Ginya, M. Sawada, K. Ohmori,
M. Okuma, R. Kannagi, and J.B. Lowe, Cancer Res.,
53 (1993) 5559-5565.

[19] S. Natsuka, K.M. Gersten, K. Zenita, R. Kannagi, and
1.B. Lowe, J. Biol. Chem., 269 (1994) 16789—-16794.

[20] K. Sasaki, K. Kurata, K. Funayama, M. Nagata, E.
Watanabe, S. Ohta, N. Hanai, and T. Nishi, J. Biol.
Chem., 269 (1994) 14730-14737.



J. Riibinii et al. / Carbohydrate Research 305 (1998) 491-499 499

[21] J.C. Clarke and W.M. Watkins, J. Biol. Chem., 271
(1996) 10317-10328.

[22] S. Eppenberger-Castori, H. Lotscher, and J. Finne,
Glycoconj. J., 6 (1989) 101-114.

[23] J. Natunen, R. Niemeld, L. Penttili, A. Seppo, T.
Ruohtula, and O. Renkonen, Glycobiology, 4 (1994)
577-583.

[24] J.-P. Prieels, D. Monnom, M. Dolmans, T.A. Beyer,
and R.L. Hill, J. Biol. Chem., 256 (1981) 10456—
10463.

[25] M.A. Kashem, K.B. Wilasichuk, J. M. Gregson, and
A.P. Venot, Carbohydr. Res., 250 (1993) 129—-144.

[26] R. Niemeld, J. Natunen, E. Brotherus, A. Saarikan-
gas, and O. Renkonen, Glycoconj. J., 12 (1995) 36—
44,

[27] B.A. Macher, J. Buehler, P. Scudder, W. Knapp, and
T. Feizi, J. Biol. Chem., 263 (1988) 10186—10191.

[28] T. de Vries and D.H. van den Eijnden, Biochemistry,
33 (1994) 9937-9944.

[29] R. Niemeld, J. Ribind, A. Leppénen, H. Maaheimo,
C.E. Costello, and O. Renkonen, Carbohydr. Res.,
279 (1995) 331-338.

[30] M.A. Kashem, C. Jiang, A.P. Venot, and G.R. Alton,
Carbohydr. Res., 230 (1992) C7-C10.

[31] M.R. Wormald, C.J. Edge, and R.A. Dwek, Biochem.
Biophys. Res. Commun., 180 (1991) 1214-1221.

[32] T.J.P. Naven and D.J. Harvey, Rapid Commun. Mass.
Spectrom., 10 (1996) 1361-1366.

[33] K.L. Koszdin and B.R. Bowen, Biochem. Biophys.
Res. Commun., 187 (1992) 152-157.

[34] R.R. Townsend, M.R. Hardy, D.A. Cumming, J.P.
Carver, and B. Bendiak, Anal. Biochem., 182 (1989)
1-8.

[35] Y. Ichikawa, Y.-C. Lin, D.P. Dumas, G.-J. Shen, E.
Garcia-Junceda, M.A. Williams, R. Bayer, C.
Ketcham, L.E. Walker, J.C. Paulson, and C.-H. Wong,
J. Am. Chem. Soc., 114 (1992) 9283-9298.

[36] T. de Vries, D.H. van den Eijnden, J. Schultz, and R.
O’Neill, FEBS Lett., 330 (1993) 243-248.

[37] H. Maaheimo, R. Renkonen, J.P. Turunen, L. Penttil4,
and O. Renkonen, Eur. J. Biochem., 234 (1995)
616-625.

[38] A. Seppo, J.P. Turunen, L. Penttild, A. Keane, O.
Renkonen, and R. Renkonen, Glycobiology, 6 (1996)
65-71.

[39] O. Renkonen, S. Toppila, L. Penttild, H. Salminen, J.
Helin, H. Maaheimo, C.E. Costello, J.P. Turunen, and
R. Renkonen, Glycobiology, 7 (1997) 453-461.

[40] A. Leppinen, R. Niemeld, H. Maaheimo, and O.
Renkonen, Biochemistry, 30 (1991) 9287-9296.

[41] J. Gu, S. Nishikawa, S. Fujii, S. Gasa, and N.
Taniguchi, J. Biol. Chem., 267 (1992) 2994-2999.

[42] H. Maaheimo, J. Ribind, and O. Renkonen, Carbo-
hydr. Res., 297 (1997) 145-151.

[43] T.P. Patel, S.E. Goelz, R.R. Lobb, and R.P. Parekh,
Biochemistry, 33 (1994) 14815-14824.

[44] M.R. Stroud, K. Handa, M.E K. Salyan, K. Ito, S.B.
Levery, S. Hakomori, B.B. Reinhold, and V.N. Rein-
hold, Biochemistry, 35 (1996) 758-769.

[45] M.R. Stroud, K. Handa, M.E K. Salyan, K. Ito, S.B.
Levery, S. Hakomori, B.B. Reinhold, and V.N. Rein-
hold, Biochemistry, 35 (1996) 770-778.

[46] R.N. Knibbs, R.A. Craig, S. Natsuka, A. Chang, M.
Cameron, J.B. Lowe, and L.M. Stoolman, J. Cell
Biol., 133 (1996) 911-920.

[47] A. Seppo, L. Penttild, A. Makkonen, A. Leppinen, R.
Niemeld, J. Jantti, J. Helin, and O. Renkonen,
Biochem. Cell Biol., 68 (1990) 44-53.

[48] M.M. Palcic, A.P. Venot, RM. Ratcliffe, and O.
Hindsgaul, Carbohydr. Res., 190 (1989) 1-11.

[49] K. Brew, T.C. Vanaman, and R.L. Hill, Proc. Natl.
Acad. Sci. USA, 59 (1968) 491-497.

[50] O. Renkonen, L. Penttild, R. Niemeld, and A.
Leppinen, Glycoconj. J., 8 (1991) 376-380.

[51] D.H. van den Eijnden and W.E.C.M. Schiphorst, J.
Biol. Chem., 256 (1981) 3159-3162.

[52] A. Seppo, L. Penttild, A. Leppinen, H. Maaheimo, R.
Niemeld, J. Helin, J.-M. Wieruszeski, and O. Renko-
nen, Glycoconj. J., 11 (1994) 217-225.

[53] O. Renkonen, L. Penttild, A. Makkonen, R. Niemeli,
A. Leppinen, J. Helin, and A. Vainio, Glycoconj. J.,
6 (1989) 129-140.

[54] J. Helin, H. Maaheimo, A. Seppo, A. Keane, and O.
Renkonen, Carbohydr. Res., 266 (1995) 191-209.

[55] K. Hard, G. van Zadelhoff, P. Moonen, J.P. Kamer-
ling, and J.F.G. Vliegenthart, Eur. J. Biochem., 209
(1992) 895-915.



