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al,3-Fucosylation of branched blood group I-type oligo-(N- 
acetyllactosamino)glycans by human milk transferases is 
restricted to distal N-acetyllactosamine units: The resulting 
isomers are separated by WGA-agarose chromatography 
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A partially purified preparation of al,3-fucosyltransferase(s) from human milk was used to [~4C]fucosylate oligosac- 
charides containing Gal/31-4GlcNAc units. Substitution of N-acetyllactosamine at position 3' with a/3-1inked N-acetyl- 
glucosamine enhanced the reactivity of the acceptor, whereas similar substitution at position 6' was inhibitory. Thus, 
the trisaccharide GlcNAc/31-6Gall31-4GlcNAc (5), the branched tetrasaccharide GlcNAc/31-3(GlcNAc/31-6)GalI31- 
4GlcNAc (11) and the triply branched decasaccharide GIcNAc131-3(GlcNAc/31-6)Gal/31-4GlcNAc/31-3[GlcNAc/31- 
3(GlcNAc/31-6)GalCll-4GlcNAc/31-6]GalI31-4GlcNAc (26) gave remarkably poor yields of al,3-fucosylated products 
in comparison to GIcNAc/31-3Gal]31-4GlcNAc (3). /31,4-Galactosyl derivatives of 5 and 11, however, gave good 
yields of c~l,3-fucosylated products, but the fucosylation was restricted to the distal N-acetyllactosamine units of 
GalI31-4GlcNAc/31-6Gal/31-4GlcNAc (16), GalCI1-4GlcNAc~I-3(Gal/31-4GlcNAc/31-6)Gal/31-4GlcNAc (18) and 
also in Galal-3Ga1131-4GlcNAc131-3(Galal-3Gal131-4GlcNAc/31-6)Gal/31-4GlcNAc (22). Immobilized wheat germ 
agglutinin (WGA), possessing high affinity for 16 [1], revealed no affinity for the fucosylated derivative Gal/31- 
4(Fucal-3)GlcNAc/31-6Gal/31-4GlcNAc (17). The isomeric heptasaccharides Gal/31-4(Fucal-3)GtcNAc/31-3(Gal/3t- 
4GIcNAc/31-6)Gal/31-4GtcNAc (19) and Gal/31-4GlcNAc/31-3[Gall31-4(Fucal-3)GlcNAcl31-6]Gal/?l-4GlcNAc (20) 
were readily separated from each other on WGA-agarose, and so were the isomeric nonasaccharides Galal-3Galt31- 
4(Fucal-3)GlcNAc]31-3(Galal-3Gal/31-4GlcNAcB1-6)Gal~l-4GlcNAc (23) and Gatal-3Gal]31-4GlcNAc/31- 
3 [Galal-3Gal/31-4(Fuca 1-3)GlcNAc/31-6IGal/31-4GlcNAc (24). 
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Introduction 

The Lewis x determinant Gal/31-4(Fucal-3)GlcNAc, in 
appropriately sialylated and/or sulphated form [2], is a ligand 
of E-, L- and P-selectins, mediating 'physiological' adhesions 
between leukocytes and endothelium [3-5], 'erroneous' 
recognition between cancer cells and endothelium [6], and 
participating in angiogenesis [7]. The Lewis x itself is a low 
affinity ligand of E- and P-selectins [8,9], and it participates 
in homotypic sugar-sugar interactions with other Lewis x 
chains in the presence of Ca 2+ [101 in a~rocess which appears 
to be responsible for compaction of morula stage embryos 
[1i]. Besides the adhesive functions, Lewis x appears to 
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possess signalling properties in regulation of T-cells [12]. All 
these biological roles of Lewis x and sialyl Lewis x may be 
related to their relatively rigid structures in aqueous solutions 
[13-151. 

In the present report, we describe synthesis of several pure 
oligo-(N-acetyllactosamino)glycans of blood group I-type, 
carrying Lewis x determinants and mid chain Gal/31-4(Fuc~l- 
3)GlcNAc sequences. The synthesis consisted of ~l,3-fucosyl- 
ation of well defined type 2 acceptors by a partially purified 
preparation of human milk c~l,3-fucosyttransferase(s), fol- 
lowed by chromatography of the products. Particularly valu- 
able separations were effected by affinity chromatography on 
immobilized wheat germ agglutinin (WGA), which separated 
several isomeric pairs of glycans from each other. The results 
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revealed large differences in the reactivity of different types of 
N-acetyllactosamine residues of oligosaccharide acceptors: 
While unsubstituted N-acetyllactosamine units and those 
monosubstituted at position 3' reacted well, the glycans con- 
taining N-acetyllactosamine residues substituted at position 4" 
or 6' were poor acceptors. Galactosylated GlcNAc residues 
were required for the reaction whereas unsubstituted GlcNAc 
residues at non-reducing termini were not acceptors. Only 
distal N-acetyllactosamine residues reacted in branched ac- 
ceptors; the internal branching N-acetyllactosamine units were 
not appreciably fucosylated. 

Materials and methods 

The oligosaccharides used as acceptors for fucosyltransferase 
reactions The saccharides 1, 6 and 7 (for structures, see Table 
1) were purchased from Sigma, USA; and 8 from Oxford 
Glycosystems, UK. The synthesis of following saccharides has 
been described: 3 and 11 [16], 5 [I7], 12 and 16 [18], 24 [19]. 
10 was synthesized by incubating Gal/31-4GlcNAc (100/xg), 
CMP-NeuAc (300 /xg; Sigma, USA) and CMP-[a4C]NeuAc 
(0.05 /xCi; Amersham, UK) with c~2,6-sialyltransferase (5 
mU; E.C. 2.4.99.1; Boehringer, Germany) in 50 mM Na- 
cacodylate buffer, pH 6.0 containing 50 mM NaC1, for 18 
hours at 37°C [20]. After heating at 100°C for 5 rain, 10 was 
isolated in a Mono Q HR 5/5 anion-exchange column 
(Pharmacia, Sweden) using a NaC1 gradient as described in 
[21]; the saccharide was finally desalted in a column of 
Sephadex G-10 (Pharmacia, Sweden). 22 was synthesized by 
cO,3-galactosylating 18 as described in [22]. 26 was synthe- 
sized by /31,6-N-acetylglucosaminylation of GlcNAc/31- 
3Gal/31-4GlcNAcJ3t-3(GlcNAc/31-3Gal/31-4GIcNAc/31-6) 
GalI31-4GlcNAc [23] as described in a separate study (Seppo 
A, Penttilii L, Niemel~i R, Renkonen O, Keane A, unpublished 
experiments). 

al,3-Fucosyltransferase reactions The transferase reactions 
were performed with a partially purified al ,3/(al ,4)-fuco- 
syltransferase from human milk essentially as described 
[24-26]. The enzyme preparation was free of detectable 
amounts of/3-galactosidase and /3-N-acetylhexosaminidase 
activities. The acceptor saccharide (1.0 nmol) and 750 pmol 
GDP-[~4C]fucose (the specific activities used were 239, 278, 
292 or 333 mCi mmol 1, depending on the batch; Amersham, 
UK) were dissolved in 25 /zl of 0.1 M MOPS (Sigma)- 
NaOH, pH 7.5, 0.2 M NaC1, 0.01 M MnCI2 and 1.0 mg mi -1 
BSA; 15/xl of water and 10/zl of the enzyme (8.8/zU) were 
added. The mixture was incubated for 24 h at 37°C, heated 
at 100°C for 3 rain, and desalted as described below. 
Glycerol and free [14C]fucose were removed by paper chro- 
matography, run overnight with solvent A (see below). The 
individual glycans were studied in only one or a few experi- 
ments (see Table 2), but glycan 3 was included in each of the 
eleven separate series of reactions, yielding 221 +/ -52  pmol 
of glycan 4. 

Glycosidase reactions Hydrolysis with/3-galactosidase (jack 
beans, EC 3.2.1.23; Sigma, USA) was performed as described 
[27]. Concurrent hydrolysis catalysed by/3-galactosidase (jack 
beans) and /3-N-acetylhexosaminidase (jack beans, 
EC.3.2.t.30; Sigma, USA) was performed in 30/zt 50 mM Na- 
citrate buffer, pH 4.0, where 100 mU of/3-galactosidase and 
150 mU of/3-N-acetylhexosaminidase were added; incubation 
was at 37°C for 16 h and the reaction was stopped by heating 
at 100°C for 3 rain. Hydrolysis with a-galactosidase (green 
coffee beans, EC 3.2.1.22; Sigma, USA) was performed in a 
tube which contained the dry sample, 100/zl citrate-phosphate 
buffer, pH 6.6, and 1 U a-galactosidase. The mixture was 
incubated for 7 h at 37°C and heated at 100°C for 3 rain. 
Defucosylation by almond meal 1 a-fucosidase (EC 3.2.1.111; 
Oxford Glycosystems, UK) was performed in 10/zl of 50 mM 
Na-acetate buffer, pH 5.0, 0.7 mg m1-1 BSA, by 2 p,U of 
enzyme for 24 h at 37°C and terminated by heating at 100°C 
for 3 min. 

Chromatographic methods Descending paper chromatogra- 
phy was performed as described [28], with the upper phase of 
n-butanol:acetic acid:water 4:1:5 (v/v) (solvent A) or with n- 
butanol:acetic acid:water 10:3:7 (v/v) (solvent F). The mobili- 
ties of saccharides are presented in relation to galactose, 
lactose, maltooligosaccharides (Sigma, USA) and isomaltooc- 
taose (BioCarb, Sweden). Distribution of radioactivity on the 
chromatograms was measured as described [28], using Opti- 
Scint from Wallac (Turku, Finland) as the scintillant. 
Unlabelled markers were stained by silver nitrate [29]. 

WGA-affinity chromatography was carried out as described 
[30], using columns of low WGA content (1.65 mg WGA per 
ml agarose) and high WGA content (9.6 mg WGA per ml 
agarose). Saccharides were eluted from the column of high 
WGA content with 10 mM phosphate buffer, pH 7.1, contain- 
ing 0.15 M NaC1 and 0.02% NAN3. 

Desalting All enzymatic reaction mixtures and pooled saccha- 
rides were desalted by passage through beds of Dowex AG- 1 
(AcO-) and Dowex AG-50W (H +) ion exchangers. Neutral 
saccharides were eluted with water, and charged saccharides 
with 0.5 M acetic acid as in [31]. 

Results 

The structures and numbering of the saccharides studied in the 
present experiments are presented in Table 1. 

Relative yields of fucosylated products obtained in partial 
reactions with a partially purified preparation of cd,3-fuco- 
syltransferase(s) from human milk A number of type 2 
oligosaccharide acceptors were incubated with GDP- 
[14C]fucose and a partially purified preparation of al,3-fuco- 
syltransferase(s) of human milk under conditions effecting 
only partial reactions. The data collected in Table 2 show that 
substitution at position 3' enhances the reactivity of N-acetyl- 
lactosamine. Thus, GlcNAc/31-3Gal/31-4GlcNAc (3) gave a 
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Table 1. Structures and numbering of the saccharides discussed in this study. 

Niemelii et al. 

No Saccharide No Saccharide 

10 

11 

12 

13 

14 

1 GalI~I-4GlcNAc 18 

2 Ga1131-4GlcNAc 
Fucc~l/3 

15 

16 

17 

3Ga113 I-4GIcNAc 
GtcNAc131 / 

oGa1131-4GlcNAc 
GlcNAc 131 / ~Fuc c~1 / 3 

GlcNAc131\ 
6Gal[~I-4GlcNAc 

Galc~l-4Gal[31-4GlcNAc 131 -OEt 

Gall~l-4 GatI31-4GlcNAc 

NeuAc~2 / 3Ga1131-4GlcNAc 

3Ga1131-4GlcNAc 
NeuAcc~2 / Fucc~l/3 

NeuAcc~2 \ 6Ga1131-4GlcNAc 

GlcNAcl3I\ 
Ga1131-4GlcNAc 

GlcNAcI31 / 

3Ga1131-4GIcNAc 

GalI~I-4GlcNAc 131 / 

~Ga113 t-4GlcNAc 
/ J  U / 3  Gal[31-4GlcNAcl31 F cc~l 

3Ga1131-4GlcNAc 

GaI~l-4GlcNAc131 / 
Fuccd/3 

oGa1131-4GlcNAc 

Ga1131_4GlcNAc131 / ~Fucc~l/3 
Fuc~l / 3 

Ga1131-4GlcNAc131\ 
6Gat 131-4GlcNAc 

Ga1131-4GlcNAc131\ 
Fucc~l / 3 6Gall~I_4GlcNA c 

Ga1131-4GlcNAcI~l\ 
6Ga1131-4GlcNAc 

Ga1131-4GlcNAc[~1 / 

19 

20 

GaI~l-4GlcNAc131\ 

3Ga1131-4GIcNAc 
Ga1131-4GlcNAc131 / 

Fuce¢l / 3 

GatI~I-4GlcNAc 131 \ 
Fucc~l / 3 63Ga1131-4GlcNAc 

Gall3 I=4GlcNAc 131 / 

21 

22 

23 

24 

25 

26 

Gal!31-4GlcNAc131 \ 
Fuced / 3 6Ga1131-4GlcNAc 

Ga1131-4GlcNAc 131 / 
Fuco0 / 3 

3Ga1131-4GlcNAc 131 \ 
Galc~l / 63Ga1131-4GlcNAc 

Galc~l / 3Ga1131-4GlcNAc 131 / 

3Ga1131-4GlcNAc [~ 1 \ 
Galc~l / 6Gal ~I-4GlcNAc 

3Ga1131-4GlcNAct31 / 
Galc~l / Fucc~l/3 

3Gat131-4GlcNAc [~1\ 
Galc~l / FuccO / 3 63Ga1131-4GlcNAc 

Gale~l / 3Gal [~I-4GlcNAc 131 / 

3Ga1131-4GlcNAc131 \ 
Galc~l / Fucc~l / 3 6Gal [~I-4GIcNAc 

3GalI~I-4GlcNAc 131 / 
Galc~l / Fuccd / 3 

GlcNAcI31\ 

GIcNAc 131 / 6Gal I~ 1-4GlcNAc 131 

6Gal I~ 1-4GlcNAc 
GlcNAc131\ J 

6Gal[~I-4GlcNAc131' 

GlcNAc131 / 
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Table 2, Relative amounts of fucosylated products formed from type 2 acceptors with a partially purified 
preparation of cel,3-fucosyltransferase(s) of human milk, 

39 

No Saccharide Relative amount of product formed ~) 

1 Gal I~ 1-4GlcNAc 29 

3 3Ga1131-4GlcNAc 100 

GlcNAc 131 / 

GlcNAc 131 \ 

5 6Gall31-4GIcNAc 2 

6 Galotl-4Gall31-4GlcNAcl31-OEt 3 

7 Gal ~1-4 GalI31-4GlcNAc 2 

8 3Gall31-4GlcNAc 55 
NeuAcc~2 / 

NeuAca,2 \ 6 
I0 Gal ~ 1-4GlcNAc 0 

GIcNAcI31\ 

11 6Gall31-4GlcNAc 1 

GlcNAcI~I / 

12 3Ga1131-4GIcNAc 132 
GalI~I-4GlcNAcl31 / 

Gall31-4GlcNAc[31 \ 

16 6Gall31-4GlcNAc 67 

GalI~I-4GlcNAc ~1 \ 

18 6Gal I~I-4GlcNAc 107 

GalI31-4GlcNAcl31 / 

3GalI31--4GlcNAcI31 \ 
22 Gal~l / 6Ga1131-4GlcNAc 202 

Galc~t / 3Gal!31-4GlcNAcI~1 / 

GlcNAcI~I\ 

GlcNAcI~I / 6Ga1131-4GlcNAc~31 

26 6Gall31-4GlcNAc 4 

GlcNAc 131 \ 6Ga1131-4GlcNAc131 / 

GIcNAcI~I / 

~) Note: Relative amounts of products represent total incorporation of the [14C]fucose to the acceptor, com- 
paring the incorporated activity of each acceptor to that of 3. Reactions with 3 were performed 11 times 
(standard), with 12 and 22 three times, with 1 and 18 twice and all others only once. With saccharides 12, 16, 
18 and 22 the molar amounts of the difucosyl products represented 4%, <<1%, 7% and 5% of the fucosylated 
glycans, respectively. The absolute amount of [14C]fucose transferred to 3 was 221 pmol. 
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three times higher yield than the unsubstituted Gal/31- 
4GlcNAc (1), NeuAca2-3Galfll-4GlcNAc (8) was a remark- 
ably good acceptor, and also substitution by ~l,3-bonded 
galactose residues doubled the yield as shown by compounds 
18 and 22. 

In contrast, substitution of N-acetyllactosamine at position 
6' inhibits the acceptor reactivity. Thus, the trisaccharide 
GlcNAcfll-6Galfil-4GlcNAc (5) gave a very poor yield and 
the trisaccharide NeuAca2-6Gal/31-4GlcNAc (10) was virtu- 
ally unreactive, confirming the previous observations of 
Paulson et al. [32]. 

In di-substituted N-acetyllactosamine residues, the inhibitory 
effect of substitution at position 6' overruled the stimulatory 
influence of substitution at position 3'. Consequently, the 
branched tetrasaccharide GlcNAc/31-3(GlcNAc/31-6)Gal/B1- 
4GlcNAc (11) and the triply branched decasaccharide 
GlcNAc/31-3(GlcNAc/31-6)Gal/31-4GlcNAc/31-3 [GlcNAc/31- 
3(GlcNAcfl 1-6)Galfl 1-4GlcNAcfi1-6]Gal/31-4GlcNAc (26) 
were remarkably poor acceptors. 

Substitution at position 4" was also quite inhibitory: the 
trisaccharides Galal-4Galfll-4GlcNAcfll-OEt (6) and Gal/31- 
4Gal/B1-4GlcNAc (7) were very poor acceptors. 

Table 2 shows that even proximal substitution at position 1 
of N-acetyllactosamine can enhance fucosylation. Accordingly, 
compound 16, a di-N-acetyllactosamine saccharide reacting 
almost solely at the non-reducing unit (see below), was much 
more reactive than N-acetyllactosamine (1). In the same vein, 
compound 18 was four times more reactive than N-acetyllac- 
tosamine, although it reacted only with its two units at the non- 
reducing area. These findings are compatible with the notion 
that the reducing end GlcNAc of N-acetyllactosamine may 
react poorly in a-configuration. 

Table 2 supports also the findings of degradation experi- 
ments described below, establishing that/31,4-galactosylation 
of GlcNAc units is required for ~xl,3-fucosylation and that 
unsubstituted GlcNAc residues at the nonreducing area are not 
reactive. Consequently, compounds 5, 11, and 26 were poor 
acceptors, while the /31,4-galactosylated species 16 and 18 
were quite reactive. 

Product characterization The fucosylated product obtained 
from Galfll-4GlcNAc (1) was the Lewis x trisaccharide 
Galfll-4(Fucal-3)GlcNAc (2) as established by 1D and 2D 
1H-NMR-spectroscopy at 500 MHz, and by cleavage with 
almond meal 1 a-fucosidase in a separate study [26]. 

The product obtained from the trisaccharide GlcNAcfll- 
3Galfll-4GlcNAc (3) revealed on paper chromatography only 
mono-[14C]fucosylated saccharide(s) (RMv = 0.83, RMTe = 1.32; 
solvent A), which were cleaved to the extent of 97% by treat- 
ment with/3-N-acetylhexosaminidase into GalI31-4([14C]Fuca1 - 
3)GlcNAc (RLa o = 0.93, RMT = t.26; solvent A). Thus, the 
product was identified as GtcNAcCtl~3Gal/3t-4([14C]Fucal - 
3)GlcNAc (4), implying that the GlcNAc at the non-reducing 
end of 3 had not reacted. The fucosylation products from the 
trisaccharide GIcNAc/31-6Gal/31-4GlcNAc (5) and from the 

branched tetrasaccharide GlcNAc/31-3(GlcNAc/31-6)Gal/31- 
4GlcNAc (11) were not properly characterized. 

Two monofucosylated products were obtained from the 
tetrasaccharide Galfll-4GlcNAcfll-3Gal/3t-4GlcNAc (12); 
they were Galfll-4GlcNAcfll-3Gal131-4([14ClFucal-3)GlcNAc 
(13) and Gal/3t-4([14ClFucal-3)GlcNAcfil-3Gal/31-4GlcNAc 
(14) as established in degradation and NMR experiments of a 
separate study (Niemel~i R, Natunen J, Penttil~i L, Seppo A, 
Ruohtula T, Renkonen O, unpublished observations); a small 
amount of the difucosyltetrasaccharide (15) was also formed. 

In contrast, the products from the isomeric tetrasaccharide 
Galfll-4GlcNAc/31-6Galfll-4GlcNAc (16) represented mono- 
[14C]fucosylated saccharides as revealed by paper chromatog- 
raphy (Fig. 1). Most of this material (97%) resisted 
/3-galactosidase treatment, but was cleaved to the extent of 
53% by a treatment with almond 1 a-fucosidase. These 
data established that it represented Gal/31-4([14ClFucal- 
3)GlcNAc/31-6Galfll-4GlcNAc (17) [33-35]. The absence of 
galactosidase-sensitive monofucosylated product and also the 
absence of difucosylated product suggested that the reducing 
end N-acetyllactosamine unit of 16 was relatively resistant to 
fucosylation. 

The [HC]fucosylation products obtained from the branched 
hexasaccharide Gal/31-4GlcNAc/31-3(Gal/31-4GlcNAc/31- 
6)Galfll-4GlcNAc (18) represented monofucosylhexasaccha- 
rides and difucosylhexasaccharides as shown by paper 
chromatography (Fig. 2A). The monofucosylhexasaccharides 
consisted of a mixture of Gal/31-4@4C]Fucal-3)GlcNAcfil - 
3(Gal/31-4GlcNAcfll-6)Gal/31-4GlcNAc (19) (62%) and 
Galfll-4GlcNAc/31-3 [Galfl 1-4([14C]Fucal-3)GlcNAc/31 - 
6]Galfil-4GlcNAc (20) (38%). This was shown by degrada- 
tion of the mixture concurrently with ~-galactosidase and 
/3-N-acetylhexosaminidase, and by subsequent chromato- 
graphic separation of the monofucosyltetrasaccharides Galfll- 
4([14C]Fuca 1-3)GlcNAc/31-3Galfll-4GlcNAc (14) and 
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Figure 1. Paper chromatogram related to al,3-[14C]fucosylation of 
the tetrasaccharide 16. Products from the [14C]fucosylation reaction. 
The peak represents monofucosyl compound(s), which was shown to 
be mainly the saccharide 17. Solvent A, 119 h. MTe and MP show the 
positions for mahotetraose and -pentaose markers, respectively. 
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Figure 2. Paper chromatograms related to ed,3-[/4C]fucosylation of 
the branched hexasaccharide 18. Panel A. Products from the [14C]fuco- 
sylation reaction. Peak 1 represents difucosyl derivatives, while peak 2 
consists of monofucosyl compounds; the unreacted acceptor runs at the 
position of arrow 3. Solvent F, 65 h. MP and MH show the positions 
for maltopentaose and -heptaose markers, respectively. Panel B. 
Products from a digestion of the monofucosyl compounds from peak 
2/Fig. 2A, with a mixture of fl-galactosidase and fl-N-acetylhex- 
osaminidase. Peak 1 migrated like the synthetic pentasaccharide 17, 
while peak 2 occupied the position of the synthetic isomer 14. Solvent 
A, 7 days. Markers as in panel A, in addition to MTe, maltotetraose. 

Figure 3. Paper chromatograms related to the structural analysis of 
difucosylsaccharides 21 and 25. Panel A. Products from concomitant 
digestion of peak 1/Fig. 2A with/3-galactosidase and/3-N-acetylhex- 
osaminidase. The product peak runs at the position of the unchanged 
substrate; arrow 1 shows the position of 15. Solvent F, 63 h. Markers 
as in Fig. 2A. Panel B. Products from digestion of peak I/Fig. 4A 
with o~-galactosidase and then concomitantly with/3-galactosidase 
and/3-N-acetylhexosaminidase. The product runs at the position of 
21; arrow 1 shows the position of original difucosyloctasaccharide; 
arrow 2 shows the position of 15. Solvent F, 63 h. Markers as in Fig. 
2A. 

Gal/31-4([J4C]Fuccd-3)GlcNAc/31-6Gal/31-4GlcNAc (17) of 
linear backbones (Fig. 2B). 

The fraction of putative difucosylhexasaccharides from peak 
1/Fig. 2A was completely resistant to a concurrent cleavage by 
/3-galactosidase and /3-N-acetylhexosaminidase. Thus, the 
digest contained only the unchanged substrate migrating just 
behind the maltoheptaose marker; practically no radiolabel was 
present in the area of the difucosyltetrasaccharide 15, a degra- 
dation product expected from the difucosylhexasaccharide 
Gal/31-4([Igc]Fuccel-3)GlcNAc/31-3(Gal/31-4GlcNAc/31- 
6)Gal/31-4([14ClFuccd-3)GlcNAc that has one arm unpro- 
tected by the fucosyl residue (Fig. 3A). These data suggest that 
only the difucosylhexasaccharide isomer 21 had been formed 
during [14C]fucosylation of 18. 

The [14C]fucosylation products obtained from the branched 
octasaccharide Galcd-3Gal/31-4GlcNAc/31-3(Galcd-3Gal/31- 
4GlcNAc/31-6)Gal/31-4GlcNAc (22) represented monofucosy- 

toctasaccharides and difucosytoctasaccharides as shown by 
paper chromatography (Fig.4A). The monofucosyloctasaccha- 
rides consisted of a mixture of Galc~l-3Gal/31-4([14C]Fucal- 
3)GIcNAc/31-3(Galo~1-3Gal/31-4GlcNAc/31-6)Gal/31-4GlcNA 
c (23) (6t%) and Galc~l-3Gal/31-4GlcNAc/31-3[Gal~l- 
3Gal/31-4([14C]Fuccd-3)GlcNAc/31-6]Gal/3 t-4GlcNAc (24) 
(39%). This was shown by a degradation with ~-galactosidase 
and then concomitantly with/3-galactosidase and/3-N-acetyl- 
hexosaminidase, and by subsequent chromatographic 
identification of the linear monofucosyltetrasaccharides 14 and 
17 (Fig. 4B). 

The putative difucosyloctasaccharides from peak 1/Fig. 4A 
lost only the two c~-galactose residues in a cleavage experi- 
ment with ce-galactosidase followed by a concurrent hydroly- 
sis by/3-galactosidase and/3-N-acetylhexosaminidase. Thus, 
the digest contained only the saccharide 21 migrating just 
behind.maltoheptaose marker; practically no radiolabel was 
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Figure 4. Paper chromatograms related to al,3-[14C]fucosylation 
of the branched octasaccharide 22. Panel A. Products from the 
[14C]fucosylation reaction. Peak 1 represents difucosyl derivatives, 
while peak 2 consists of monofucosyl compounds; the unreacted 
acceptor runs at the position of the arrow 3. Solvent F, 72 h. MH and 
IMO show the positions for maltoheptaose and isomaltooctaose 
markers, respectively. Panel B. Products from a digestion of the 
monofucosyl compounds from peak 2/Fig. 4A, first with o~-galactosi- 
dase and then concomitantly with/3-galactosidase and fl-N-acetyl- 
hexosaminidase. Peak 1 chromatographed like 17, while peak 2 
migrated like 14. Solvent A, 7 days. Markers as in Fig. 2B. 

present in the area of the difucosyltetrasaccharide 15, a 
degradation product expected from the difucosyloctasaccha- 
ride Galcd-3Gal/31-4([14C]Fuccd-3)GlcNAc/31-3 (Galce 1 - 
3Gal/31-4GlcNAc/31-6)Gal/31-4([14C] Fucal-3)GlcNAc that 
has one arm completely unprotected by the fucosyl residue 
(Fig. 3B). These data suggest that only the difucosyloctasac- 
charide isomer 25 had been formed during p4C]fucosylation 
of 22. 

WGA-chromatography of  the fucosylated oligosaccharides 
The linear backbone tetrasaccharide Gal/31-4GlcNAc/31- 
6Gal/31-4GlcNAc (16) revealed a considerable affinity to 
WGA, as shown by its retardation by the WGA-agarose 
column of low WGA content (Fig. 5A) [t]. In contrast, the 
monofucosytated derivative Gal/31-4([I4ClFucal-3)GlcNAc 
13t-6Gat/31-4GlcNAc (17) possessed no affinity to WGA as 
shown in Fig. 5B. 
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Figure 5. WGA-agarose chromatograms in the column of low WGA- 
content. Panel A. Backbone saccharide 16. Panel B, Fucosylated sac- 
charide 17. 

In a separate column, containing a high concentration of 
WGA, the mixture of monofucosylhexasaccharides 19 (62%) 
and 20 (38%) was resolved into the two components as shown 
in Fig. 6A. Peak 1 contained 40% of the total radioactivity 
while the slowly eluting peak 2 contained 58% of the label. 
Accordingly, the former represented 20 while the latter con- 
tained the isomer 19. This notion was confirmed also by 
degradation experiments: peak 1 material gave pentasaccha- 
ride 17 when treated with a mixture of/3-galactosidase and/3- 
N-acetylhexosaminidase, while peak 2 gave the isomeric 
pentasaccharide 14 (data not shown). 

Also the mixture of the isomeric monofucosyloctasaccharides 
23 (61%) and 24 (39%) could be readily separated in the WGA- 
agarose column of high WGA-content (Fig. 6B). The early 
eluting peak 1 (42% of label) is taken to represent the isomer 24, 
while the peak 2 (58% of label) is identified as the isomeric 23. 

Discussion 

The present data reveal that substitution of N-acetyllac- 
tosamine units controls acceptor reactivity in al,3-fucosyl- 
transferase reactions catalysed by an enzyme mixture from 
human milk. The plasma type (EC 2.4.1.152) and the Lewis 
type enzymes (EC 2.4.1.65), also known as FT VI, and FT III, 
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Figure 6. WGA-agarose chromatograms in the column of high 
WGA-content. Panel A. An aliquot from peak 2/Fig. 2A. Peak 1 
proved to be monofucosylhexasaccharide 20 and peak 2 the isomer 
19. Panel B. An aliquot from peak 2/Fig. 4A. Peak 1 represents 24 
and peak 2 the isomer 23. 

respectively, were probably present, but the contribution of the 
Lewis enzyme appeared not to be important, because the 
enzyme reacted rather poorly with Gal/31-3GlcNAc, the pre- 
ferred acceptor of the Lewis enzyme. No cd,2-fucosyltrans- 
ferase activity was present as judged from chromatographic 
and NMR experiments performed with the fucosylated product 
from N-acetyllactosamine [26]. 

Substitution of N-acetyllactosamine at position 3" by an c~- 
linked galactose, N-acetylneuraminic acid or by a/3-1inked N- 
acetylglucosamine enhanced the acceptor reactivity. In 
contrast, substitutions at positions 4'or 6' were found to be 
strongly inhibitory. Paulson et al. [32] have shown previously 
that a2,6'-sialylation of N-acetyllactosamine residues inhibits 
subsequent fucosylation by the human milk enzymes. It 
appears that the distal galactose residue, critically needed fbr 
cd,3-fucosylation, is bound to the enzyme by the hydroxyl 
groups at positions 4' and 6". Substituents at position 1 of N- 
acetyllactosamine appeared not to be inhibitory and in com- 
pounds 16 and 18 they were clearly stimulatory. The large 
differences in the reactivities of substituted N-acetyllac- 
tosamines with the milk enzyme suggest that some of the 
acceptors used could be helpful in characterizing purified 
al,3-fucosyltransferases and recombinant transferases. 

In contrast to the poorly reacting glycans 5 and 11, the 
/31,4-galactosylated derivatives 16 and 18 were good accep- 
tors, and so was the branched octasaccharide Galcd-3Gal/31- 
4GtcNAc/3 l-3(Gal a 1-3Gal/31-4GlcNAc/31-6)Gal/31-4GIc- 
NAc (22). However, degradation experiments established that 
the fucosylated products from the galactosylated acceptors 
carried the fucose residues in the distal branches, while the 
'branching', or 6'-substituted, N-acetyllactosamine residue at 
the reducing end had not reacted appreciably. The hexasaccha- 
ride 18 was fucosylated faster at the 1,3-1inked arm than at the 
1,6-branch, while in a separate study lacto-N-neohexaose was 
cd,3-fucosylated slightly faster at the 1,6-branch [26]. 
Analogous differences between the two hexasaccharides, and 
also between 18 and its truncated form missing the reducing 
end GlcNAc have been reported before [17,36]. 

Immobilized WGA had a central role in the present experi- 
ments, because of its ability to separate fucosylated glycans. 
The branched difucosylhexasaccharide 21 revealed no affinity 
to WGA-agarose (not shown), while the related monofucosyl- 
hexasaccharide Gal/31-4GtcNAc/31-3[Gal/31-4([14ClFucozt - 
3)GlcNAc/31-6]Gal/31-4GlcNAc 20 showed a weak affinity, 
and the isomer 19 possessed a strong affinity. The affinity dif- 
ferences were large enough to allow the separation of the three 
components in a single run on a small column of WGA-agarose. 
Similar data were obtained on monofucosyl derivatives of the 
branched octasaccharide 22, extending the applicability of 
WGA-agarose chromatography in the study of isomeric fuco- 
sylsaccharides. Our data imply that c~l,3-fucosylation of the 
individual N-acetyllactosamine residues within a large oligo-(N- 
acetyllactosamino)glycan reduces the WGA-affinity of the 
parent compound to a different degree. In particular prominent 
reductions in the affinity are effected by fucosylation of the 1,6- 
1inked arms of the branched saccharides 18 and 22. 

The easy access of pure isomers of branched Lewis x- 
related glycans that is provided by WGA-agarose chromatog- 
raphy should prove helpful for further development of 
adhesion- and signal-oriented studies with these saccharides. 
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