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ABSTRACT 

Aflinity chromatography of unreduced oligosaccharides on a small column of immobilized wheat 
germ agglutinin (WGA) revealed high-binding alhnities for several radiolabeled molecules containing at the 
reducing end either ~-D-G~c~NAc-( l-6)-~-Gal, BD-GlcpNAc-( 1+6)$-n-Galp-( 1 +4)-D-GlcNAc, B-D- 

GlcpNAc-( l-+6)-p-o-Galp( 1+4)~Glc, D-GlcpNAc-( 1 +3)-IS-D-GlcpNAc-( l-6)]-~-Gal, B-D-GlcpNAc- 
(1+6)+GalNAc, or /I-n-Galp( 1 +3)-v-D-GlcpNAc-( l-6)]-n-GalNAc sequences. Reduction changed 
the binding affinities remarkably: The sequences carrying a n-galactose or 2-acetamido-2-deoxy-Dgalactose 
residuei at the reducing end lost most of their affinities, but the sequences containing a D-gh3xe or 
2-acetamido-2-deoxy-D-glucose residue at the reducing end gained additional alBnity upon reduction. These 
findings emphasize the role of the unreduced, do-substituted n-galactose and 2-acetamido-2-deoxy-D- 
galactose residues for the binding of saccharides to WGA, which has been recognixed previously as a lectin 
specific for oligosaccharides containing a 2-acetamido-2deoxy-n-glucose or sialic acid unit. The results 
suggested also that WGA-agarose chromatography of alditols may become a valuable method for the 
fractionation of oligo-N-acetyllactosaminoglycans and related saccharides. 

INTRODUCTION 

Previous work has shown that oligosaccharides BGlcNAc+6Gal (la), /?GlcNAc 
+6/3Gal+4GlcNAc (‘7a), /IGal+4~GlcNAc+6/IGal+4GlcNAc (8a), pGlcNAc+3@ 
GlcNAc+6)Gal @a), and BGlcNAc+3(BGlcNAc+6)/?Gal+4GlcNAc (9a)*** bind 
to agarose-linked wheat germ agglutinin (WGA)lA. In these early experiments, we 
observed that the oligosaccharides carrying a D-galactose residue at the reducing end 
give two peaks in WGA-agarose chromatography2d. The two peaks were assumed to 
represent mutarotational isomers, because both of them gave again the original double 
peak profiles upon rechromatography2.4. As an attempt to improve their separations in 
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WGA-agarose chromatography we studied the N-acetyllactosaminooligosaccharides 
in reduced form. 

EXPERIMENTAL 

Paper chromatography. - Chromatography of desalted oligosaccharides on 
Whatman No. 3 paper was carried out with the upper phase 4:1:5 (v/v) butanol-acetic 
acid-water (Solvent A) or with 10:1:2 (v/v) butanol-ethanol-water (Solvent B). The 
running times varied from 16 to 48 h for monosaccharides and up to eight days for 
penta- and hexa-saccharides. The radioactivity in paper chromatograms was analyzed 
as previously described3. Unlabeled alditols were stained by a silver nitrate spray in 
acetone followed by a sodium hydroxide spray. The marker trisaccharide, #I-D-Galp 
(1 -+/I-D-GlcpNAc-( l-+3)-D-Gal, was described in ref. 3, and the marker disaccharide 
/3-D-GlcpNAc-( 1+3)-D-Gal in ref. 1. Other markers were: M,, maltotriose; M,, malto- 
tetraose; M,, maltopentaose; and M, maltoheptaose. 

Preparation of the reducing oligosaccharides. (la-14a), - The radiolabeled com- 
pounds la’, 2a3, 5a4, 7a4, 8a3, and 9a4 (see Table I for structures and numbering) have 
been described previously. 

Pentasaccharide /?Gal+4/3GlcNAc-+3(/3Gal-,4#?GlcNAc-t6)[’4C]Ga1(‘4C-6a) 
was obtained by galactosylation of j?GlcNAc+3(/3GlcNAc+6)[‘4C]Ga1(‘4C-5a) with 
UDP-Gal (50 nmol) and N-acetyllactosamine synthase’ (EC 2.4.1.90) (50 mu) from 
bovine milk in a mixture that contained, in 100 pL, TrisHCl, pH 7.5, (5 pmol) and 
MnCl, (1 pmol). The pentasaccharide 14C-6a was isolated by paper chromatography 
with Solvent A & 0.84;R,, 1.71). It was cleaved completely by a treatment with 
Diplococcus pneumoniue fi-D-galactosidase6 (Boehringer, Mannheim, FRG) (EC 
3.2.1.23), which proved’ that it contained distal (1+4)-linked b-D-galactosyl groups. 
Partial cleavage experiments with Escherichia coli/3-D-galactosidase (Sigma Chemical 
Co., St. Louis, MO, U.S.A.) showed that it contained two distal p-galactose units’. 

Tetrasaccharide ~GlcNAc+3flU-‘4C]Gal~4/3GlcNAc+6Gal (14C-3a) was pre- 
pared by incubating trisaccharide j3[U-‘4C]Gal-+4j?GlcNAc+6Gal (“C-2a) with UDP- 
GlcNAc and human serum as described4. The serum contains p-( 1+3)-N-acetyl-p- 
glucosaminyltransferase activity (EC 2.4-l. 149) that catalyzed the formation of 3a (IQ3 
0.57, R, 0.88 in Solvent A) in a yield of 11%. Tetrasaccharide (14C-3a) was character- 
ized by cleavage with endo+-D-galactosidase3 from Escherichia freundii (Seikagaku, 
Tokyo, Japan) into a radiolabeled disaccharide that was identified asj?GlcNAc+3[U- 
“C]Gal by paper chromatography in Solvent A (&,, 0.71; R,,,, 1.21). The disaccharide 
was further cleaved by p-ZV-acetyl-D-hexosaminidase into radiolabeled galactose that 
was identified by paper chromatography in Solvent A. Periodate oxidation and sub- 
sequent acid hydrolysis4, according to Hough’, of the disaccharide gave [‘4C]lyxose 
(31% yield) that was identified by paper chromatography in Solvent A. These results 
established that the newly introduced 2-acetamido-2-deoxy-/I-D-glucosyl group was 
linked to the trisaccharide acceptor at O-3. 

The linear pentasaccharide j?Gal+4jIGlcNAc+3B[U-‘4C]Ga1+4/?GlcNAc+6 
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Gal (14C4a) was obtained by enzymic (l-*4)-p-D-galactosylation of tetrasaccharide 3a 
(I?,, 0.77, k7 1.64 in solvent A). Its structure was characterized by cleavage with D. 
pneumoniue/$D-galactosidase that released the linear tetrasaccharide 3a, thus establish- 
ing that the newly introduced p-D-galactosyl group was linked to the acceptor at O-4. In 
a confirmatory test, endo-/?-D-galactosidase (from E. freundii) cleaved 14C-4a into the 
radiolabeled trisaccharide /3Gal-+4BGlcNAc-r3[U-‘4CJGal, which was identified by 
paper chromatography in solvent A (R,, 0.69; R,, 0.96) (see ref. 3), and by further 
sequencing. 

The branched hexasaccharide ~Gal+4fiGlcNAc-+3(BGal+4/3GlcNAc-t6)~- 
[“C]Gal+4GlcNAc (14C-10a) was prepared by galactosylating @GlcNAc+3(BGlcNAc 
+6)fl’4C]Gal+4)GlcNAc as described above. The hexasaccharide was isolated by 
paper chromatography in Solvent A (R,, 0.72, R,, 1.49) (see ref. 8). It, too, was cleaved 
completely by treatment with D. pneumoniae /?-D-galactosidase. Partial cleavage experi- 
ments with E. coli B-D-galactosidase showed that it, too, contained two distal D- 

galactose units’. 
The linear tetrasaccharide B[U-‘4C]Gal-,4/?GlcNAc+6fiGal+4Glc (14C-lla) 

was prepared by enzymic (1 +4)-p-D-[‘4C]galactosylation of /?GlcNAc+6pGal+4Glc; 
the trisaccharide acceptor was purchased from Sigma. 

The trisaccharide /?Gal+3(8[‘4C]GlcNAc+6)GalNAc (14C-13a) was synthesized 
by incubating UDP-[‘4C]GlcNAc (Amersham Corp.) and /?Gal-+3GalNAc (14a) (Bio- 
Carb Chemicals AB, Lund, Sweden) with crude (l-6)-N-acetyl-B-D-glucosaminyl- 
transferase (EC 2.4.1.148) of hog gastric mucosa’” essentially as described by Seppo et 
aIs4 The tritiated disaccharide acceptor, pGal+3[3H]GalNAc (3H-14a) was prepared 
from BGal + 3GalNAc (14) by a catalytic ‘H exchange process (TR 7) in Amersham; the 
product was filtered through Dowex 1 (AcO-) and Dowex 50 (H +) ion-exchange resins, 
and purified by paper chromatography. Trisaccharide 3H-13a, /IGal+3@GlcNAc+6) 
[3H]GalNAc, was prepared by incubating BGal + 3[3H]GalNAc with UDP-GlcNAc and 
the crude (l-6)-N-acetyl-/?-D-glucosaminyltransferase as described above. The radio- 
labeled trisaccharide 13a preparations were purified by paper chromatography in 
Solvent A (R,, 0.83, R,, 1.41), and subsequently in Solvent B (&,, 0.43, R, 1.54). 

Structural characterization of 3H-13a was carried out by reducing it with NaBH, 
(see below) to give BGal+3(@GlcNAc+6)[3H]GalNAcol (3H-13b), which was isolated 
by paper chromatography. Prolonged treatment with E. co/i p-D-galactosidase (EC 
3.2.1.23) (Sigma) gave /?GlcNAc+6[3H]GalNAcol (3H-12b). This was cleaved further 
by jack bean N-acetyl$-D-hexosaminidase (EC 3.2.1.52) into [3H]GalNAcol that was 
identified by paper chromatography in borate solution ” The disaccharide alditol could . 
also be cleaved into N-acetyI[3H]serinol by a procedure” involving periodate oxidation, 
subsequent NaBH, reduction, acid hydrolysis, and N-reacetylation. The procedure was 
carried out as described previously’3, and N-acetyl[3H]serinol was identified by paper 
chromatography, which separated it clearly from radiolabeled 2-acetamido-Zdeoxy- 
threitol, 2-acetamido-2-deoxyarabinitol, and 2-acetamido-2-deoxygalactitol. The for- 
mation of N-acetyl[3H]serinol proved that the [3H]GalNAc unit was substituted at O-6 
in the original trisaccharide ‘H-13a. “C-labeled trisaccharide 13a, BGal+ 
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3C8[‘4C]GlcNAc+6)GalNAc, in turn, was cleaved by IV-acetyl-/?-D-hexosamiaminidase 
into [‘4C]GlcNAc. 

The disaccharideB[U-‘4C]GlcNAc-,6GalNAc (14C-12a) was prepared by repeat- 
ed and prolonged @galactosidase (I!?. colz’) digestions of trisaccharide ‘%-13a. 

Preparation of alditols lb-15b. - Oligosaccharides la-l+ and NJV’diacetylchi- 
tobiose (15~) (Sigma), were reduced with NaBH, essentially as described by Rasilo and 
Renkonen”. NJ’-Diacetylchitobiose (150) was reduced also with NaBT,. The alditols 
were isolated by passing the borate-free reaction mixtures through small columns of 
Dowex 1 (OH-) anion-exchange resin14, which retain unreduced saccharides much 
more than alditols. Subsequent paper chromatography gave pure alditols that were 
recovered by water extraction and lyophilization. 

The branched pentasaccharide alditol/3Gal+4j?GlcNAc+3Q?Gal+4/3GlcNAc 
+6)[‘4C]Galol (‘4C-6h) was characterized by complete hydrolysis with acid. Paper 
chromatography with Solvent A revealed that the digest contained pure [‘%]Galol, and 
was free of [‘4C]Gal. The trisaccharide alditol /3GlcNAc~3(@GlcNAc-,6)[‘4C]Galol 
(‘4C-!5h) was characterized in an analogous manner by cleavage with jack bean N-acetyl- 
/I-D-hexosaminidase (EC 3.2.1.52). Complete acid hydrolysis of the branched tetra- 
saccharide alditol, ~GlcNAc~3(@GlcNAc~6)~al+4[‘4C]GlcNAcol (14C-9b), fol- 
lowed by ZV-reacetylation gave [‘4C]GlcNAcol that was identified by ordinary paper 
chromatography (Solvent A), and subsequently by borate paper chromatography”. 
Characterization of the trisaccharide alditol /?Gal-,3@GlcNAc-,6)[3H]GalNAcol 
(‘H-13b) has been described above (see under the reducing saccharides). The dis- 
accharide alditol filcNAc+4[ l-3H]GlcNAcol (3H-15b) moved in chromatography on 
paper with Solvent A like the unlabeled alditol ~lcNAc+4GlcNAcol(&.~ 1 JO). Our 
standard treatment’ with N-acetyl-/?-D-hexosaminidase cleaved 68% of ‘H-191 and 
released [ 1 -3H]GlcNAcol that was identified by paper chromatography in borate solu- 
tion”. 

WGA-agarose chromatography. - Chromatography on agarose-bound WGA 
(1.65 mg WGA/mL of 4% beaded agarose; Pharmacia, Uppsala, Sweden) was carried 
out at + 6 - 7” in a 0.7 x 12 cm column’. (The same column has been in continuous use 
for 26 months, and its height has decreased with time from 14 to 8 cm). The column was 
equilibrated and irrigated with lomhl phosphate buffer (pH 7.1) containing 0.15~ NaCl 
and 0.02% NaN,, at a flow rate of 0.1 mL/min. Fractions (0.55 mL) were collected and 
assayed for radioactivity. The elution was carried out by collecting fractions 140 with 
the equilibration buffer, after which 0.2~ 2-acetamido-2-deoxy-D-glucose in the equiii- 
bration buffer was applied to the column; fractions 41-70 were collected with this 
eluent, which caused desorption of strongly bound saccharides. For regeneration after a 
completed experiment, the column head was carefully rinsed with the equilibration 
buffer, after which the column was washed with the equilibration buffer overnight; the 
flow rate was adjusted to 0.05 mL/min during the washing period. 

The column was calibrated monthly with radiolabeled galactose or xylose, both 
of which are assumedly eluted at the void volume. With rapidly eluted [‘4C]oligosaccha- 
rides, [3H]galactose was cochromatographed as an internal void-volume marker; with 
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TABLE I 

List of reducing oligosaccharides (h-160) and corresponding alditols (lb-Mb) examined for aiTinity to 
wheat germ agglutinin 

Systematic structures of reducing oiigosaccha- Abbreviated structures of oligosacchariaks and 
rides correspondh alditols 

p-D-Galp-( 1 +4)-/CD-GlcpNAc-( l-6)-D-Gal 

/?-D-GlcpNAc-( 1+3)-8-D_Galp-( 1+4)-p-D- 
GlcpNAc-( 1+6)-~-Gal 

/?-D-Gal& 1+4)-@GlcpNAc-( 1+3)-j%D-Galp- 
(1 +4)-B-D-GlcpNAc-( I-) 6)+Gal 

&D-GlcpNAc 

r 

/SD-GlcpNAc-(l-3)-o-C& 

P-D-Galp-( 1 -+4)-fi-D-GlcpNAc 

I 

@I-Galp(1 +4)-p-D-GlcpNAc-(1 +3)-o-G: 

fi-D-GlcpNAc-( 1 +6)-j?-D-Galp-( 1 +4)-D- 
GlcNAc 

j?-D-Galp-( 1-4)~p-D-GlcpNAc-( 1+6)-p-D-Galp- 
(1-4)~D-GlcNAc 

b-D-GlcpNAc 

: 

/T-D-GlcpNAc-(1 +3)+0-G&l +4)-D- 
GlcNAc 

18 
lb 
28 
2b 

3a 
3b 

48 

4b 

wlcNAc+6Gal 
@.ZlcNAc --* 6Galol 
~al+4/?GlcNAc-&Gal 
fial+4~lcNAc-+6Galol 

jIGal+4~GlcNAc+3/IGal+4/IGlcNAc 
-MM 
~Gal~4~lcNAc+3/IGal-r4j?GlcNAc 
+6Galol 

5a 
!5b 

6a 

6b 

/?Gai+4jIGlcNAc+3(j?Gal-4&GlcNAc 
+6)Gal 
/?Gal-t4/3GlcNAc+3@Gal~4gGlcNAc 
+6)Galol 

7a j?GlcNAc-6/IGal-+4GlcNAc 
7b /?GlcNAc+6fial+lGlcNAcol 

9a j?GlcNAc~3(BGlcNAc+6)~al+IGlc 
NAc 

9b j?GlcNAc+3(/?GlcNAc-r6)jIGal+4Glc 
NAcol 

continued 
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TABLE I (continued) 

Systematic structures of reducing oligosaccha- Abbreviated structures of oligosacchariaks and 
rides corresponding alditols 

p-D-Gab-( 1 +4)-B-D-GlcpNAc 

: 

p-D-Gab(1+4)-/?-D-GlcpNAc-( 1+3)-,S~-Gtlp- 

(1 +4)-D-GlcNAc 

j?-D-Galp-( 1 -+4)-B-D-GlcpNAc-( I +6)-/3-D-Galp- 

(1 +4)-D-Glc 

p-D-GkpNAc-( l-6)-D-GalNAc 

p-D-GlcpNAc 

: 
6 

B-D-Galp-( 1 + 3)-D-GalNAc 

P-D-Galp-(l-3)-D-GalNAc 

p-D-GkpNAc-( 1 -~4)-D-GlcNAc 

/9-%&:NAc-( 1 +4)-/Y-D-GlcpNAc-( 1+4)-D- 

lOa /IGal~4j?GlcNAc+3~Cial~4j?GlcNAc 

+ 6)/IGal+4GlcNAc 
lob /IGal-*4/3GlcNAc+3CJGal+4/IGlcNAc 

+6)bGal-+4GlcNAcol 

lln fiGal+4~GlcNAc-t6#IGal+4Glc 
llb /?Gal+4/7GlcNAc+6BGal+4Glcol 

12n j?GlcNAc+6GalNAc 

12b ~GlcNAcdGalNAcol 

13a /?Gal+3(/?GlcNAc+6)GalNAc 
13b j?Gal+3(/?GlcNAc+6)GalNAcol 

14~ pGak3GalNAc 
14b j?Gal+3GalNAcol 

15 ~GlcNAc+KJcNAc” 

191 /?GlcNAc+4GlcNAcol 

16a ~GlcNAc+4GlcNAc+4GlcNAca 
16b /3GlcNAc~4GlcNAc+4GlcNAcol 

a Not examined. 

rapidly eluted [3H]oligosaccharides, [‘4C]galactose was used in an analogous manner. 
Another calibration marker, used three or four times a year, was N,IV’,llP’-triacetylchi- 
totriose reduced with NaB3H4 (ref. 3); this alditol was eluted slightly behind the void 
volume of the strong eluent, at fraction 55 from the fresh column, and at fraction 49 
from the 26-month-old column. 

The void volume of the WGA-agarose column decreased from fraction 12 to 
fraction 8 during the 26-month period of use. To minimize the effect of this gradual 
change on the data, the results are presented as a difference, D = V, - V,, where V, is 
the peak position of the oligosaccharide, and V, is the void volume. Even the D-values 
decreased slowly the 26-month period. The oligosaccharides were desalted by passage 
through a double bed of Dowex 1 (AcO-) and Dowex 50 (H+) ion-exchange resins prior 
to WGA chromatography. 
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RESULTS 

The structures of the 16 radiolabeled, N-acetyllactosamine-type oligosaccharides 
and their corresponding alditols, studied in the present investigation, are shown in 
Table I. 

WGA-agarose chromatography of radiolabeled oligosacchariaks (la-6a) that 
carry a D-galactose residue at the reducing end; comparison with the corresponding 
alditols (lb-&). - A series of chromatograms in a small column of WGA-agarose are 
illustrated in Fig. 1. The left-side panels (A-F) show the elution profiles obtained with 
unreduced oligosaccharides lada, and the elution profiles of the corresponding alditols 
lb-6b are shown in the right-side panels (G-L). 

BGlcNAc+BGal (la) was strongly bound to the lectin, giving two peaks’s’ (Fig. 
lA), but its corresponding alditol (lb) was very weakly bound, giving a single sharp 
peak (Fig. 1 G). The exact binding affinities of the saccharides are suitably described in 
terms of the number of chromatographic fractions collected between the void volume 
and the peak position. This number is referred to as the D-value. For the two peaks of 
disaccharide la, Dl is equal to 18 and D2 to 40. For the single peak of lb, D is equal to 
1.3. Trisaccharide /3Gal+4#JGlcNAc+6Gal (2a) was also relatively strongly bound, 
giving two peaks (Fig. 1B; Dl 12, D2 21). This confirmed our previous findings with 
impure preparations’. Both peak fractions of 2a gave again two-peak profiles upon 
rechromatography on WGA-agarose (data not shown). Comparison with Fig. 1H 
showed that the alditol 2b gave a single peak that was weakly bound (D 3.0). It is 
interesting that the nonreducing D-galactosyl end-group of 2a lessened the binding 
affinity, as compared to la; there are examples in our data where the nonreducing 
D-galactosyl end-groups enhanced the binding affinity remarkably (see below). The 
behavior of the tetrasaccharide #?GlcNAc+3BGal+4j?GlcNAc+6Gal (3a) (Fig. 1C) 
resembled that of trisaccharide 2a. The two peaks of 3a were considerably retarded (Dl 
14, D2 23), and both peak fractions gave again two-peak profiles upon rechromatog- 
raphy (not shown). In contrast, alditol3b was quite weakly retarded (D 3.2), revealing 
only a single peak (Fig. 11). The linear pentasaccharide, /IGal 
+4~GlcNAc+3~Gal+4jIGlcNAc+6Gal(4a) (Fig. 1D; Dl 14, D2 22), and its corre- 
sponding alditol (Fig. 1 J; D 4.3) behaved very much like saccharides 2a and 3a and their 
alditols 2b and 3b, respectively. The more retarded peak fraction of Fig. 1D gave again 
the two-peak profile in a rechromatography experiment (not shown). The branched 
trisaccharide /3GlcNAc+3(BGlcNAc+6)Gal(5a) had a stong affinity for WGA-aga- 
rose4 (Fig. 1 E), whereas alditol5b was very weakly bound (Fig. 1 K). Unreduced 5a gave 
an elution profile of two interconvertible peaks (Dl 16, D2 40), whereas 5b gave only 
one peak (D 4.8). Overall, the branched trisaccharide 5a and its alditol5b resembled 
very much disaccharide la and its alditol lb, respectively. Even the branched penta- 
saccharide, ~Gal~4/?GlcNAc~3~Gal+4#?GlcNAc+6)Gal (6a), was very strongly 
bound to the lectin column, giving two peaks (Fig. 1F; Dl 16, D2 41). The correspond- 
ing alditol6b was more weakly retained, giving only one single peak (Fig. 1L; D 10). 
Alditol 6h was, however, retarded more than alditol 5b, showing that the two non- 
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Fig. 1. WGA-agarose chromatography of radiolabeled samples of reducing oligosaccharides la-6a and 
alditols lb-& (A) la, (B) 2a, (C) 3a, D (4a), E (Sa), (F) 6a, (G) lb, (H) Zb, (I) 3b, (J) 4b, (K) sb, and (I-) 6b. 
The arrow marked “Gal” shows the void of the column. 
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reducing n-galactosyl end-groups of 6b enhanced the binding affinity significantly. The 
double-peak profiles of panels of Figs. 1 (A-F) have one thing in common; the slow peak 
was larger (56700/, of the total radioactivity) than the fast peak (3044% of the total) 
for all six oligosaccharides. 

WGA-agarose chromatography of N-acetyllactosamine-type oligosacchariaks 
bearing a 2-acetamido-2-akoxyglucose residue at the reducing end (7a-1011); comparison 
with the corresponding alditols (WlOb). -Another series of chromatograms run on the 
small column of WGA-agarose is collected in Fig. 2. The left-side panels (A-D) show 
the elution profiles obtained with unreduced oligosaccharides 7a-lOa, and the corre- 
sponding alditols 7b-lob are shown in the right-side panels (E-H). Trisaccharide 
/3GlcNAc+6pGal+4GlcNAc (7a), a cl$avage product4 from tetrasaccharide 9a syn- 
thesized in vitro, was moderately retained (D 10) on WGA-agarose (Fig. 2A). It gave an 
elution profile of a single peak, behaving like the trisaccharide previously isolated from 
teratocarcinoma cells’. Alditol7b was bound more tightly (D 21) than unreduced 7a 
(Fig. 2E). Linear tetrasaccharide, /3Gal-,4/3GlcNAc+6@Gal+4GlcNAc (8a), was 
strongly bound and eluted as a single peak (Fig. 2B; D 18). The corresponding alditol8b 
was bound more tightly than unreduced 8a (Fig. 2F; D 40). Tetrasaccharide 8a and its 
alditol8b were more tightly bound to WGA than trisaccharide 7a and its alditol 7b, 
respectively (c$ panel B with A, and panel F with E in Fig. 2). In this case the 
nonreducing D-galactosyl end-group enhanced the binding affinity, in contrast to 
compound 2a. Branched tetrasaccharide, j?GlcNAc+3(~?GlcNAc+6)/3Gal+4GlcNAc 
(9a), was rather weakly bound (D 3.6) to the lectin column4 (Fig. 2C), showing a much 
smaller WGA affinity than branched trisaccharide 5a. In turn, alditol9b was retained 
relatively strongly (Fig. 2G; D 14). Branched hexasaccharide, BGal+4/3GlcNAc+3 
(BGal+4fiGlcNAc+6)/?Gal-,4GlcNAc (lOa), was distinctly retarded by the WGA 
column (Fig. 2D; D 6.2). The corresponding alditol, lob was retained slightly more (Fig. 
2H; D 7.9). It is remarkable that the nonreducing D-galactosyl end-groups enhanced the 
binding affinity of 10a as compared to 9a, but diminished that of the alditol lob as 
compared to that of the alditol9b. 

Panels A-D show that the four saccharides bearing a 2-acetamido-2-deoxyglu- 
case residue at the reducing end have one thing in common, i.e., all gave elution profiles 
that contained only a single peak. 

WGA-agarose chromatography of tetrasaccharide j?Gal+4BGlcNAc+6/? 
Gal+lGlc (lla); comparison with the corresponding alditol llb. - Tetrasaccharide lla 
was relatively strongly bound (Fig. 3A; D 25) like its 2-acetamido-2-deoxyglucose 
analog 8a (c$ Fig. 2B). Alditol lib was even more strongly bound than the reducing 
tetrasaccharide lla itself. Accordingly, even alditol llb resembled its 
2-acetamido-2-deoxyglucitol analog 8b. 

WGA-agarose chromatography of oligosacchariaks bearing a Eacetami- 
do-bdeoxygalactose residue at the reducing end (12a45a); comparison with the corre- 
sponding alditols 12b-15b. - Radiolabeled disaccharide 12a, j?GlcNAc+6GalNAc, 
gave two peaks in WGA-agarose chromatography (Fig. 4A). The less retarded one (Dl 
16) was very broad, as if it consisted of several components having different binding 
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Fig. 2. WGA-agarose chromatography of radiolabeled samples of reducing oligosawharides 7a-1Oa and 
alditols 7blOb: (A) 71, (B) Sa, (C) 9a, (D) lOa, (E) 7b, (F) 8b, (G) 9b, and (H) lob. 

affinities; the other fraction was quite strongly bound, being eluted as a sharp peak with 
0.2~ 2-acetamido-2-deoxy-o-glucose (D2 40). Overall, the elution pattern resembled 
rather closely that of/IGlcNAc+6Gal (la) (cJ Fig. 1 A), suggesting that a 6-substituted 
2-acetamido-2-deoxy-D-galactose and 6-substituted o-galactose residues have similar 
WGA-binding properties. This similarity between 12a and la was evident also in the 
chromatogram of the disaccharide alditol 12b (Fig. 4C), which revealed a very small 
binding affinity to WGA (D 0.8), resembling closely that of the disaccharide alditol ib 
(c$ Fig. 1G). Radiolabeled trisaccharide, j?Gal-,3(BGlcNAc+6)GalNAc (13a), was 
strongly bound to WGA-agarose, giving two peaks (Fig. 4B; Dl 20, D2 39). The 
corresponding alditol 13b was retarded only very slightly (Fig. 4D; D 0.65). The 
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Fig. 3. WGA-agarose chromatography of radiolabeled samples of the reducing oligosaccharide 1111 (A) 
and of the alditol llb (B). The double peak around Fraction 45 (B) is an artifact caused by the addition of 
0.2~ 2-acetamido-2deoxy-b-glucose to the eluent after 40 fractions had been collected with the sugar-free 
butler. 
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Fig. 4. WGA-agarose chromatography of radiolabeled samples of reducing oligosaccharides 121 (A) and 
13n (B), and alditols 12b (C) and 13b (D). 

behavior of this pair of saccharides resembled rather closely that of the branched 
trisaccharides 5a and 5b (see above). Upon rechromatography on WGA-agarose, both 
peak fractions of reducing 13a gave again the original two-peak profile (not shown). In 
clear contrast to 12s and 13a, radiolabeled disaccharide 14a, BGal+3GalNAc, and the 
corresponding alditol14b were not retarded in the WGA-agarose column. The different 
affinities of 12a and 14a and their corresponding alditols 12b and 14b suggest that 
WGA-agarose chromatography may be used in differentiating the core glycans of the 
mucin-type oligosaccharides of glycoproteins. 
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WGA-agarose chromatography of reduced chitooligosaccharides 15b and Mb. - 

/?GlcNAc-+4[l-3H]GlcNAcol (3H-15h) was retarded in the WGA-agarose column only 
slightly (D 3.3). The trisaccharide alditol, j?GlcNAc+4/?GlcNAc+4[l-3H]GlcNAcol 
(3H-16b), was strongly retarded (D 42-43). These data make it possible to compare, 
roughly, the relative binding affinities of the oligosaccharides of the present investiga- 
tion with several compounds studied by Goldstein et al.” using precipitation-inhibition 
experiments. 

DISCUSSION 

The present WGA-agarose affinity data were obtained with saccharides syn- 
thesized enzymatically in oitro. They confirmed and extended the findings of our 
previous experiments“4 carried out with oligosaccharides obtained from naturally 
occurring materials. 

Reducing oligosaccharides lada, 12a, and 13a were strongly bound to WGA- 
agarose. All these compounds carried a D-galactose or 2-acetamido-2-deoxy-D-galac- 
tose residue at the reducing terminus. In marked contrast, alditols lb-t%, 12b, and 13b, 

derived from these oligosaccharides were retained very little by the lectin column (see 
Figs. 1 and 4). This finding suggests that the pyranose forms of the reducing D-galactose 
and 2-acetamido-2-deoxy-D-galactose residues are important for strong WGA binding. 
Previously, WGA had been regarded as rather specific for chitin oligosaccharides and 
their derivatives’5, although N-acetylneuraminic acid-containing saccharides16p’7, hy- 
brid-type glycopeptides containing the j?Man+4/?GlcNAc+4j?GlcNAc+NAsn struc- 
ture18, and asialoovine submaxillary mucin terminated by clustered arrays of aGal- 
NAc+3Ser units’6*‘7 also have been known to possess distinct affinities for WGA. 

The alditols 7b-llb revealed consistently stronger WGA binding than the corre- 
sponding reducing oligosaccharides. Moreover, these alditols generally were more 
retarded than the alditols lb-&, 12b, and 13b. Among the fifteen alditols (Table I), the 
total range of the D-values varied from 0.65 to 40. This wide range of WGA-affinities is 
remarkable, considering that the alditols were derived from a subgroup of structurally 
related oligosaccharides, all having high WGA-affinities. This suggests that the frac- 
tionation of N-acetyllactosaminooligosaccharides can be advantageously carried out 
by separating their alditols on small WGA-agarose columns. 

A comparison of the linear tetrasaccharide Sa and its glucose analog lla, and 
their alditols 8b and llb, is interesting because of the great similarities in the WGA 
affinities. The strong WGA-binding of the glucose-containing lla suggests that some 
glycolipids may be bound to the lectin through this “epitope”. The presence of consis- 
tent structure-affinity relationships, like in the few examples cited above, adds to the 
value of WGA-agarose chromatography of N-acetyllactosaminooligosaccharides and 
their alditols. 

Unlike the abovementioned examples, some structural changes did not cause 
consistent affinity changes. For example, oligosaccharides 7a, 9a, and lOa, which carry a 
2-acetamido-2-deoxy-D-glucose residue at the reducing end, had notably smaller affin- 
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ities than the related oligosaccharides 1 a, 5a, and 6a, which carry a D-@lactose residue 
as a r&u&g end. However, the affinity of 8a was, unexpectedly, larger than that of the 
faster peak of 2a. Another example of variable affinity changes was provided by the 
effect of introducing a nonreducing o-galactosyl-end group. For instance in alditol6b, 
the nonreducing D-galactosyl groups enhanced the affinity as compared to that of 
al&to1 5b, but in alditol lob they lessened the affinity as compared to that of alditol9b. 
These few examples of inconsistent structure-affinity relationship suggest that much 
remains to be learned about the WGA-binding of N-acetyllactosaminooligosaccha- 
rides. 

The strongly-bound, reducing oligosaccharides lada, 12a, and 13a gave elution 
profiles of double peaks. In several experiments, described here and elsewhere2*4, where 
the two fractions were separately recovered, desalted by ion exchange, and rechroma- 
tographed on WGA-agarose, they consistently gave again the original two-peak pro- 
files. This suggests that the two peaks represent interconvertible oligosaccharides; 
possibly mutarotational isomers. The present data showing that the corresponding 
alditols lb+%, 12b, and 13b gave only single peaks suggested that the intact reducing- 
end residue is important for peak splitting. The alditol chromatograms also evidenced 
the homogeneity of the original oligosaccharides despite the two peaks. Thus, they lend 
further support that a slow mutarotation may indeed have caused the peak splitting in 
the original chromatography of la-6a, 12a, and 13a. All these oligosaccharides carried 
a o-galactose or 2-acetamido-2-deoxy-o-galactose residue at the reducing end. 

We do not know of any reported observations, analogous to ours, which would 
suggest that slow mutarotation can cause partial separation of isomeric forms of a given 
saccharide on lectin-affinity columns. However, we have made an analogous finding in 
the chromatography of radiolabeled oligosaccharides in a column of immobilized 
Grlflonia simplicijblia I isolectins. Radioactive D-galactose appeared to be separated in- 
to two peaks in this systemI that is capable of separating a- and /3-glycosides of 
D-galactose”. This observation lends further support to our working hypothesis, which 
seeks to explain the peak splitting of oligosaccharides la-da, 12a, and 13a by postulat- 
ing different WGA-affinities of mutarotational isomers and slow kinetics of muta- 
rotation under the conditions of WGA-chromatography. Obviously, this hypothesis is 
largely based on indirect evidence and it must be tested by more direct experimenting in 
the future. Assuming that the mutarotation equilibria of the strongly bound oligo- 
saccharides la-6a resemble that of free D-galactose, we may make a guess about the 
nature of the two peaks in Figs. IA-F as follows. Aqueous equilibrium solutions of 
D-gdaCtOSe were shown to consist of /I-pyranose (63.9%), a-pyranose (32.0%), p- 
furanose (3.1%), and a-furanose (1 .O%) forms2’; the open-chain aldehyde may amount 
to only 0.097%“. Accordingly, it appears possible that the slow components (which are 
preponderant) in the elution profiles of lada represent the jI-pyranose forms of the 
oligosaccharides, and the fast components may represent the a-pyranose forms. 

Among the saccharides of high WGA affinity, the disaccharide, /3GlcNAc+bGal- 
NAc (12a), and the branched trisaccharide, j?Gal+3(/3GlcNAc+6)GalNAc (13a), are 
interesting because they are common components in the glycoprotein glycan chains that 
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are U-linked to serine or threonine residues of glycoproteins. The present data show that 
the strongly-bound forms of these reducing oligosaccharides have affinities approach- 
ing that of reduced N,N,I\P’-triacetylchitotriose (Mb). It is remarkable that no previous 
reports have appeared describing the WGA-affinity of glycopeptides that carry these 
glycan chains; this may imply that the strongly bound “mutarotational form” of 
2-acetamido-2-deoxy-D-galactose is not present in natural glycoproteins. 

If an extra 2-acetamido-2-deoxy-D-glucose or D-glucose residue is “added” to the 
reducing end of oligosaccharides la, 2a, or 5a, 6a, the resulting WGA-chromatograms 
revealed only one single peak; no peak splitting occurred (see Figs. 2 and 3). This 
suggests that the mutarotational forms of 2-acetamido-2-deoxy-D-glucose, and those of 
D-glucose, play a role different from that of D-galactose in WGA-binding. 

The relatively small retardation observed in WGA chromatography of radiola- 
beled /?GlcNAc+4GlcNAcol(15b) and the strong binding observed for BGlcNAc+4 
~GlcNAc+4GlcNAcol (Mb) can be compared with that of the fourteen oligosaccha- 
rides of oligo-N-acetyllactosamine type and their alditols shown in Table 1. This 
comparison shows that most of the oligosaccharides and alditols studied in the present 
experiments bind to WGA more strongly than 15b but more weakly than 16b. The 
affinity of the reduced chitobiose 15b, in turn, has been compared to several other 
oligosaccharides in the WGA-binding studies of Goldstein et al.” 

The individual isolectin forms of WGAz3 may interact differently with the oligo- 
saccharides, thus causing some variation in the binding properties of different WGA 
preparations. Having reported observationsz4 concerning the high affinity of 
/3Gal+4jIGlcNAc+6Gal(2a) for WGA, Osawa et aI. also have studied more recently 
WGA-chromatography of reduced N-acetyllactosaminooligosaccharides with success. 
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