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ABSTRACT

Structural data are presented on six oligosaccharide-fractions (hexa- to octa-
sacchandes) released from sheep gastric-glycoproteins having blood-group I and 1
activity by degradation with alkaline borohydride Previous data on two of the
oligosaccharides are included for comparison The fractions were analysed, before
and after treatment with exo-f-D-glycosidases and an endo-f-D-galactosidase, on
B10-Gel P4 and by p ¢, by direct-insertion m s (after methylation), and by glc-ms
of the derived, partially O-methylated alditol acetates Each fraction contained 1-3
oligosaccharides, each of which had 2-acetamido-2-deoxy-D-galactitol (GalNAc-ol)
at the reduced end and mvolved one of the structures

f-p-Gal-(1-3)-GalNAc-ol, f-p-Gal-(1
N

3)\

GalNAc-ol,
6)/

o1

e
B-b-GlcNAc-(1

B-D-GlcNAc-(1
\

or 3,6)-GalNAc-ol

f-D-GlcNAc-(1

The majority of the ohigosaccharides contained the unsubstituted, “type 2 blood-
group precursor-chain sequences, fi-p-Gal-(1—-4)-8-D-GlcNAc-(1—6) and single or
repeating f-D-Gal-(1-4)-$-D-GlcNAc-(1—3), which are recognised by various
anti-blood-group I and 1 cold agglutinins The “type 1" sequence, f-D-Gal-(1-3)-f-
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D-GIcNACc-(1—3)-, was not detected The “type 2° sequences were linked to GalNAc-
ol either directly or through intervening f-bD-Gal-(1-—3) or 3-p-Gal-(1 —3)--p-Gal-
(1 —3) sequences, and formed the backbone structures of the ohgosaccharides studied
In certain of the oligosacchandes. the backbone structures were substituted with
g-L-Fuc-(1—2) (associated with blood-group H), or with o-L-Fuc-(1—-2) and z-D-
GalNAc-(1-3) (associated with blood-group A) In others, there was evidence for
substitution with 8-p-GlecNAc-(1—-4,3, or 2) or -D-Gal-(1—3) of unknown antigenic
actinity The oligosaccharides contain 3 main regions, namely the core region, the
backbone consisting of ‘type 27 precursor-chains which, when accessible, would
react with various anti-1 (if linear) and anti-I (if branched) antibodies, and the peri-
pheral region associated with various blood-group isotypes

INTRODUCTION

Gastric mucins of certain sheep are rich sources of blood-group I and 1 antigens,
and the antigenic activity can be enriched by affinity chromatography on an anti-1
immunoadsorbent column? A glycoprotein preparation thus enriched was degraded
with alkaline sodium borotritide, and the released oligosaccharides were fractionated
on Bio-Gel P4 as described n the preceding paper® The two fractions (K and L) of
smallest molecular weight with both blood-group I and 1 activities were further
fractionated by pc and pe. and several tntium-labelled ohgosaccharide-fractions
were obtained The oligosaccharide (LE,) obtained in greatest yield was a hexa-
saccharide with the structure'

B-Gal-(1—4)-B-GlcNAc-(1
.
3/6)-GalNAc-ol,

B-Gal-(1-3)-p-Gal-(1 =4)-3-GlcNAc-(1

containing the novel. trihexosamne core-region (LE,1) with two GleNAc residues
hinked to GallNAc-ol * In contrast, a second oligosaccharide fraction (LD,) contained
the commoner core-region

B-Gal-(1
N

3)
> GalNAc-ol
6)
A
fB-GleNAc-(1

*Except for L-fucose all of the sugars mentioned 1n this paper are considered to be in the D series
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We now report further structural characterisation of LD, and of four fractions
of higher molecular weight obtained from the Bio-Gel-P4 peak K

MATERIALS AND METHODS

Ohgosaccharide fiactions — The prepaiation and fractionation of trittum-
labelled oligosaccharides from sheep gastric-glycoproteins having blood-group I
activities 1s described in the preceding paper® Sheep gastric-mucin having blood-group
I activity and weak blood-grcup A and H activities was enriched for I and 1 acuvities
by affimity chromatography on an anti-I immunoadsorbent column and degraded
with alkaline borohydride/borotritide Chromatography of the dialysable ohgo-
saccharides on Bi1o-Gel P4 gave 21 fractions (A—-W), of which A-L showed both
blood-group I and 1 activities in radio-immunoassays Fractions K and L. the mobility
of which on Bio-Gel P4 corresponded to dextran oligosaccharides having 10-12 and
9-10 p-glucose residues, respectively were selected foir structural analysis, as they
were the shortest oligosaccharides having both I and 1 activitiecs These fractions were
obtained 1n highest yield (7 and 6 mg, respectively), but were mixtures of several
oligosaccharides P ¢ of fraction K yielded 6 sub-fractions (KA-KF), and fraction L
ytelded 5 sub-fractions (LA to LE) that were subjected to p ¢ Of the 25 fractions
thus obtained, four sub-fractions of K (KC,, KE,, KF,, and KF;a obtamed m
vields of 120, 200, 160, and 55 pg, respectively) and two sub-fractions of L (LE,
and LD, with yields of 600 and 80 pg, respectively) were analysed {urther

Standard oligosaccharides — The standard of high molecular weight

[ £ p-Gal-(1-4)-]B-GlcNAc-(1 -2)-2-Man-(1

.
3)
> B-Man-(1-4)-;-GlcNAc-(1 -4)-GleNA
6) 16
A l |
B-Gal-(1 —»4)--GleNAc-(1 —2)-z-Man-(1 o-Fuc

abbreviated to (Gal), ((GlcNAc),(Man);(Fuc),, was obtained trom tmmunoglobuhin
glycopeptides® by hydrazinolysis® The standard

2-Man-(1 o-Fuc
N |
3N 16
p-Man-(1—-4)--GlcNAc-(1 -4)-GlcNAc¢
6)/
/!

z-Man-(l
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abbreviated to (GlcNAc),(Man);(Fuc),, was obtained from the foregoing standard
by digestion with exo-glycosidases The tetrasacchande «-Fuc-(1—2)-5-Gal-(1—-4)-
B-GlcNAc-(1—3)-Gal was obtained from H, glycolipid by digestion with endo-f-D-
galactosidase” The trisaccharide B-Gal-(1—+4)-3-GlcNAc-(1—3)-Gal and the di-
saccharide f-GlcNAc-(1—3)-Gal were obtained from the tetrasacchanide by digestion
with exo-glycosidases These tetra- to di-saccharides were kindly donated by Dr
Michiko N Fukuda The branched penta- and tri-saccharides

B-Gal-(1—»4)-B-GlcNAc-(1 B-GleNAc-(1
~ S
3 3)
Gal and Gal
6)/ 6)/
7 yal
B-Gal-(1>4)--GlcNAc-(1 B-GleNAc-(1

-

were kindly supplied by Professor S David (Universite de Paris-Sud, Orsay) All
of the standards were labelled” by reduction with sodium borotritide

Chromarograpli — Analytical Bio-Gel chromatography and isolation of
fragments formed by digestion with endo- and exo-glycosidases were performed on a
column (09 x 150 cm) of Bio-Gel P4 (200-400 mesh) at 20-25°, using distilled water
at 4 mi/h (2-ml fractions) Ohigosaccharides were detected by scintillation counting

Descending p ¢ was performed on Whatman No | paper with A, ethyl acetate—
pyrnidine—water (10 5 4) for 16 h, or B, ethyl acctate—pyridine—acetic acid—water
(5 5 1 3) for 40 h Ohligosaccharides were detected by radiochromatogram scanning
(Model 7201, Packard Instrument Company Inc )

Monosaccharide analvsis — Monosaccharide analysis was effected by glc of
tnimethylsilylated methyl glycosides® Methylation tnvolved the Hakomor method®
Permethylated oligosaccharides were 1solated by chromatography on LH20 columns
eluted with acetone—methanol (1 1), and hydrolysed'® 1n 0 25 sulphuric acid-90Y,
glacial acetic actd The partially O-methylated hexiiol acetates and 2-deoxy-2-(N-
methylacetamido)hexitol acetates were analysed by g | ¢ —m s and 1dentified according
to the data described by Bjorndal er a/'' and Stellner et a/ '?, respectively Direct-
insertion ms of permethylated oligosaccharides was effected on a Finnigan 3300
spectrometer under the conditions described in Table IIT

Digestion with evxo-glycosidases -— p-p-Galactosidase and 2-acetamido-2-
deoxy-B8-p-glucosidase, isolated from Jack-bean meal'?, appeared to be free of
contaminating exc-glycosidase activity when assayed by p-nitrophenyl glycosides,
but some contaminant activity was found when using natural substrates Only very
weak «-D-glycosidase activity was detected, when Gal and GleNAc residues were
cleaved, they were therefore considered to have been f8-p-linked The f-D-galactosidase
of C. lampas and the 2-acetamuido-2-deoxy-f-D-glucosidase of T cornuius obtained
from Seikaguku (Miles Laboratories Ltd ) were stated to contain <0 59 of contami-
nant 2-acetamido-2-deoxy-«- or -B-D-glucosidase or «- or -D-galactosidase activity,
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respectively, when assayed by p-nitrophenyl glycosides and we found no contanunant
activity against natural substrates

Enzyme digestions were performed for 16 h at 37° in 0 02\ citrate—phosphate
buffer (pH 35) with ~ 10 units/mi for the Jack-bean enzymes and 0 5 unit/m! for the
other enzymes In analytical experiments. 05 nmol of oligosaccharide in a total
volume of 20 ul was digested, and labelled fragments were detected by i1adiochromato-
gram scanning after pc In preparative experiments, 20-40 nmol! of substrate in a
total volume of 60 ul was digested. and chromatographed on Bio-Gel P4 as described
above

Digestion with  cndo-f3-pD-galactosidasc  — The endo-fi-p-galactosidase of
Eschericlua fieundu was solated as described previously* and hindly supplied by
Dr Michiko N Fukuda Trtiated, reduced oligosaccharides (0 5 nmol containing
~2 x 10* ¢ pm ) were treated with 2 5 munit of enzyme n a total volume of 20 ul
of 0 1:m sodium acetate buffer (pH 58, 0 125 unit/ml) After digestion for 16 h at
37°, the enzyme was precipitated by heating at 100° for | min and the supernatant
solution was subjected to p ¢ Fragments contamming trnitiated reduced terminm were
detected by radiochromatogram scanning Digestion with a higher concentration
(10 x ) of enzyme was effected 1n the same total volume (1 25 umt/ml) Preparative-
scale digestion of fraction KE, (30 ug) was performed n a total volume of 100 gl
with 0 05 umit of enzyme (0 5 unit/ml), the sample was then chromatographed on
Bio-Gel P4. and labelled fragments were detected by scintillatton counting One umit
of enzyme activity was defined as described previously'?

RESULTS

General piopeities of the oligosacchaide fiactions — (a) Cluomatogiaphn on
Bio-Gel P4 and estunation of oligssacchaiide size Several standard oligosaccharides
werc used to calibrate the Bio-Gzl F4 column Fig | shows a graph of their elution
volume against their size expressed as “hexose units* As defined by Yamashita
et al *3, a hexose residue behaves as 1 umt and an N-acetylhexosamine residue os
2 umts, fucose behaves as 07 unit With standard tetrasaccharides and higher
saccharides, a straight-line corielation was obtained and used to estimate the number
of hexose untts m the unhnown oligosacchandes Thus, three sub-fractions (KE,
LD,, LE,) of Kand L of 11, 9-10, and 9 hexose units, respectively, had values which
were mn good agreement with those obtained by chromatography on the dextran-
cahbrated column of Bio-Gel P4 described 1n the preceding paper?®

Therefore, the remamning sub-fractions (KC,, KF,, and KF3;a) were not re-
chromatographed, and were regarded as having 10-12 hexose units As the sub-
fiactions chromatographed as single peaks on Bio-Gel P4, they were considered to
contain oligosaccharides having closely related compositions The probable composi-
tions of the oligosaccharide sub-fractions were deduced from the gl ¢ data and from
the number of hexose units given on Bio-Gel-P4 chromatography

The calibrated column of Bio-Gel P4 was also used to purify fragments reicased
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14 —
(Gal),e( Man )3 (GIcNAC),; ( Fuc);

£ 87 .
- _JtMan);(GicNAc),(Fuc), e | GIcNAC),(Galls
S KE,b
T b6
Es o KE,c
(Fuc); (Gal){ GIcNAc); @
4 —

I T
60 70

Fraction number

Fig 1 Chromatography of oligosaccharide tractions and their enzyme-degradation fragments on a
calibrated column of Bio-Gel P4 @, standard oligosaccharides, © oligosaccharide fractions and
fragments characterised 1n the present studies (see Table I) The column was calibrated!s in terms of

hexose units™ on Bio-Gel P4 a hexose residue chromatographs as 1 umit, N-acetylhexosamine as
2 units, and fucose as 0 7 unit

\n
< =

after digestion of the oligosaccharide fractions with various glycosidases Their
elution volumes (expressed as fraction numbers) are shown in Fig 1 The larger
fragments KE,b and LE,l (obtained by using endo-f-p-galactosidase with KE,
and exo-fB-p-galactosidase with LE,, respectively) had elution volumes that fell on
the calibration line between the standards with 4-13 hexose units Smaller enzyme-
degradation fragments obtained from fractions LE,, LD,, and KE, had elution
volumes that fell on a straight line with shallower slope These fractions were LE;a,
L.D,a, KE,l. LE,2, and KE,¢, for which ms.glc, and p ¢ data (described below
and summansed in Table 1) suggested the compositions GalNAc-ol (LE,a), Gal-
GalNAc-ol (LD,a and KE,l), GlcNAc-GalNAc-ol (LE,2), and GlcNAc-Gal-
GalNAc-ol (KE,c¢)

(b) P c. analysis of oligosaccharide composition Labelled oligosaccharides and
fragments released by enzyme digestion were chromatographed simultaneously with
standards (di- to penta-saccharides) Estimation of the size of unknown oligosacchar-
ides was made by using the following observations (z) the loss of one residue from
an ohigosaccharide approximately doubles the distance migrated from the origin;
(ur) this distance 1s greater if the ratio of N-acetylhexosamine (or fucose) to hexose
of a particular oligosaccharide 1s increased For example, a sample with a migration
distance that 1s 1 3 times that of the standard trisaccharide Gal-GlcNAc-Gal-ol 1s
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Fig 2 Direct-insertion mass spectra of permethylated ohgosaccharides A, LEs1, B, LEa, C, LDs,
and D, KC: Spectra A4 and B are reproduced from ref 1 with permission
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likely to be a fast-running trisaccharide having a higher HexNAc/Hex ratio than the
standard, e g, with composition (HeaNAc),(Hex),HexNAc-ol the HexNAc-ol
being the reduced and labelled component detected on radiochromatogram scanning

(¢) Methylation analysis Table II shows the partially O-methylated alditol
acetates obtained from permethylated oligosaccharnide fractions, identified by their
retention times in gl ¢ and by their mass spectra Table III shows the major frag-
ments found by direct-insertion m s of the permethylated oligosaccharides The inter-
pretation of the characteristic fragment-ions, shown 1n the text and in F.g 2, were
based on those given by Karlsson ez a/ '® and Watanabe et al '

(d) Digestion with endo-f-pD-galactosidase The endo-f-D-galactosidase hydro-
lyses” the lactoglycosyl series having the common structure R—f-GlcNAc-(1—-3)-
B-Gal-(1-4)-Glc(or GIcNAc), where -Gal-(1—-4)-Glc(or GlcNAc) 1s the suscepuible
Inkage In the erythrocyte glycosphingolipid H., #-Fuc-(1—2)-8-Gal-(1—4)-f3-
GIcNAc-(1 —3)--Gal-(1+4)--GlcNAc-(1—3)--Gal-(1 »4)--Glc-(1 - Cer the
middle -Gal-(1—4) hnkage was the most susceptible, being split with 0 125 umit/ml
of enzyme, whereas the f-Gal-(1->4)-Glc linkage was only cleaved at 1 25 unit/ml
Furthermore, the R— f-Gal-(1—4) linkage was resistant to digestion unless R was
GlcNAc attached to O-3 or O-6 of Gal If two GlcNAc residues were attached at
posttions 3 and 6, as 1n

B-GlcNAc-(1

B-GlecNAc-(1

digestion occurred with 1 25, but not with 0 125, unit/ml of enzyme

It was considered that 125 munit/ml of endo-ff-p-galactosidase (1 x enzyme
concentration) would cleave similar linkages in the oligosaccharide fractions, in
addition, 10x enzyme concentration (I 25 umt/ml) was used to ensure that all
susceptible linkages were digested This specificity, together with indications from
Bio-Gel-P4 and paper chromatography on the composition of labelled fragments
released by the enzyme, enabled predictions to be made on the structures of the core
regions of digestible fractions Fractions LE,, KF3a, and KC, were notdigested by 1 x
or 10 x enzyme concentrations Fractions LD,, KE,, and KF, were parually digested
by 1 x enzyme concentration and, to the same extent, by 10 x enzyme concentration,
suggesting that only part of these fractions had digestible linkages

Oligosacchaiide structures — (a) Fraction LE, Structural data on LE; and
the fragments, LE,1, LE,2, and LE,a (see Table 1), formed on digestion with exo-
glycosidases, have been reported’ The Bio-Gel-P4 profiles (Fig 1) and data for
partially-O-methylated alditol acetates (Table II) are shown for comparison with
those of the other oligosaccharide fractions The mass spectra of permethylated LE,
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and LE,1 are included in Fig 2 and the characteristic fragments found are included
in Table III.

(&) Fraction LD, This fraction chromatographed as a broad peak on Bro-Gel
P4. eluting 1n a position corresponding to 9-10 hexose units (Fig 1),and wasestimated
to contain hexasaccharide(s) with composition! Gal-GlcNAc-GalNAc-ol 3 2 1
Consecutive digestion with the Jack-bean meal exo-glycosidases (f-D-galactosidase
followed by 2-acetamido-2-deoxy-fB-bD-glucosidase) gave a single product, LD,a
(Fig 1, Table I), the composition of which was confirmed as Gal-GallNAc-ol 1 1
byglc

Digestion of LD, with exo-fp-D-galactosidase (Jack-bean meal) gave three
labelled products detected by pc (solvent A4) accounting for ~30%, ~30Y%,
and ~409, respectively. of the radioactivity The first product behaved as a penta-
saccharide (i 6 x relative to the original hexasaccharide LD,, and 04 x relative to
standard trisaccharide Gal-GlcNAc-QGal-ol), corresponding to loss of one galactose
residue- the second behaved as a fast-running tetrasaccharide (3 7x relative to
original hexasaccharide LD,, and 0 9 x relative to standard Gal-GicNAc-Gal-ol),
corresponding to loss of two galactose residues. and the third was considered to be
the product of digestion with f-pD-galactosidase and contaminant 2-acetamdo-2-
deoxy-f-p-glucosidase, because 1t chromatographed close to the standard GIcNAc—
Gal-ol (09 x relative to standard GlcNAc-Gal-ol, and 2 0x relative to standard
Gal-GlcNAc-Gal-ol) This product 1s suggested to be the core oligosaccharide
Gal-(1 - 3)-GalNAc-ol, the -(1—3) hinkage 1s proposed, because it 1s difficult to
cleave by Jack-bean galactosidase'® The isolation of this disaccharide, and not the
trisaccharide LE,1 or disaccharide LE,2 obtained by similar treatment of LE,
(Table I Fig 1), suggested that LE, and LD, had different core-region structures

Fraction LD, was not digested by 2-acetamido-2-deoxy-f-D-glucosidase from
T cornutus indicating that Gal was the only terminal, non-reducing residue

Analysis of the partially O-methylated alditol acetates derived from LD,
(Table II) revealed 2.3,4,6-tetra-O-methyl- and 2,4,6-tri-O-methyl-galactose, 2-
deoxy-1,4,5-tri-O-methyl-2-(N-methylacetamido)galactitol, and 2-deoxy-3,6-di-O-
methyl-2-(N-methylacetamido)glucose, confirming that galactose was the only non-
reducing, terminal residue and indicating that (¢) internal, 3-substituted galactose
resitdues were also present, (1) the GalNAc-ol had substituents at both positions
3 and 6, and (1) the GlcNAc residues were hinked at position 4

From the composttion, the exo-glycosidase data, and the partially O-methylated
alditol acetates derived from permethylated LD,, two possible 1someric structures
{1 and 2) can be proposed
B-Gal-(1-4)-B-GlcNAc-(1 —+3)-5-Gal-(1

Y
3
] / GalNAc-ol
)

B-Gal-(1—-4)-p-GlcNAc-(1
1
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B-Gal-(1
\—\
3)
,GalNAc-ol
6y
e
B-Gal-(1 -»4)--GlcNAc-(1 - 3)--Gal-(1 »4)--GlcNAc-(1
2

There was evidence for the presence of both structures from ms of permethylated
LD, (Fig 2C) The three largest fragments (with m/= 726 930, and 914) could not be
obtained from a single cligosaccharide having the composition proposcd for LD,
therefore, more than one component was present

Structure 1 1s suggested to be the main component of LD, as ~70%, of this
fraction was resistant to digestion by the endo-f-D-galactosidase and was therefore
lacking the susceptible, internal f-Gal-(1 —»4)-i-GlcNAc-sequence Digestion at 1 x
and 10x concentration of the endo-f-D-galactosidase gave a product accounting
for ~309, of the labelled GalNAc-ol, with mobility 1n p ¢ (solvent A1) | 4 x relative
to that of standard Gal-GlcNAc-Gal-ol This migration 15 compatible with the

product being the fast-running trisaccharide

Gal-1
\y

GalNAc-ol

GlicNAc-1

Thus, it can be deduced that ~30%{ of LD, has an oligosaccharide sequence
with an internal B-Gal-(1-4)-38-GlcNAc linkage, as shown in the long chain of
structure 2, which gives the permethylated fragment mi/z 914, and that ~70¢ of
LD, has the structure 1

(¢) Fraction KFza This fraction was estimated from gl c to have the compo-
sition Gal-GIcNAc—GalNAc-Fuc-GalNAc-ol 2-3 2 1 1 1, consistent with elution
from dextran-calibrated Bio-Gel P4 in a position corresponding to 10-12 hexose units

Analysis of the partially O-methylated alditol acetates derived from per-
methylated KF;a (Table II) gave 2,3,4-tr1-O-methylfucose, 4,6-d1-O-methyl-, 2,4,6-
tri-O-methyl-, and 3,4,6-tri-O-methyl-galactose, 2-deoxy-1,4,5-tri-O-methyl-2-(N-
methylacetamido)galactitol, and 2-deoxy-3,4,6-tri-O-methyl- and 2-deoxay-3,6-di1-O-
methyl-2-(N-methylacetamido)glucose, indicating the presence of (¢) terminal fucosyl
groups, (1) internal 2-, 3-, and 2,3-substituted galactosyl residues, (1:) 3,6-substituted
GalNAc-ol, and (1v) non-reducing, terminal and internal, 4-substituted GIlcNAc
residues The major fragments detected by m s of permethylated KFja (Table III)
can therefore be interpreted as follows
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mjz

HexNAc— 260
HexNAc—Gal— 464
HexNAc—Gal— GalNAc-ol«+ 726
HexNAc—Gal— 639
T
Fuc
HexNAc— Gal—-HexNAc— 884
T
Fuc
HexNAc— Gal—-HexNAc— 710
HexNAc—Gal—Gal— 669

On account of the blood-group A activity'® of the parent fraction K, it is
likely that the GalNAc residue detected by g.l.c. in KFj;a is the terminal, non-reducing
residue linked to the fucosylated galactose as follows.

#-GalNAc-(1—3)-8-Gal-(1 +4)-B-GlcNAc-(1 -
2
[
x-Fuc

The following structure can be proposed as the major component of KFja:
B-GlcNAc-(1 —3)-p-Gal-(1
Y
3/6)-GalNAc-ol.

A
%-GalNAc-(1—3)--Gal-(1»4)-B-GlcNAc-(1

k

o-Fuc

The relatively low abundance of permethylated fragments with mfz 710 and 669
(compared to those of m/z 726, 639, and 884) suggested that they were obtained from
a minor component of KF3a having the one chain lacking in fucose [GalNAc-(1—3)-
Gal-(1>4)-GIcNAc-(1—] and the other having an additional galactose [GicNAc-
(1-2/3)-Gal-(1—3/2)-Gal-(1—], respectively. The presence of such a minor compo-
nent would account for the high galactose ratio and for the small proportion of 2-
substituted-galactose residues (alditol acetate of 3,4,6-tri-O-methylgalactose; Table
II).

Digestion with exo-glycosidase was not performed, on account of the limited
amount of this fraction available; but, consistent with the proposed structures, this
fraction was resistant to digestion by the endo-f-D-galactosidase. From the known
specificity of this enzyme, neither of the sequences
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2-GalNAc-(1—-3)-#-Gal-(1 -4)--GlcNAc-(1 -
2
[
%-Fuc
or «-GalNAc-(1—-3)-3-Gal-(1-4)-8-GlcNAc-(1—

have digestible linkages. If the terminal residue on the longer chain were GlcNAc,
the small proportion of unfucosylated GlcNAc-(1—3)-Gal-(1 -»4)-GlcNAc, which
gave the permethylated fragment with m/z 710, would have been digested.

(d) Fraction KC,. This fraction was estimated from g.l.c. and the elution profile
on dextran-calibrated Bio-Gel P4 to be an octasaccharide with composition Gal—
GlcNAc-GalNAc-ol 4:3:1.

Analysis of the partially O-methylated alditol acetates derived from per-
methylated KC,; (Table II) revealed 2,3,4.6-tetra-O-methyl-, 3,4,6-tri-O-methyl-,
2,4,6-tri-O-methyl-, and 2.4-di-O-methyl-galactose, 2-deoxy-3,4,6-tri-O-methyl- and
2-deoxy-3,6-di-O-methyl-2-(N-methylacetamido)glucose, and 2-deoxy-1.4,5,6-tetra-
O-methyl- and 2-deoxy-1,4,5-tri-O-methyl-2-(N-methylacetamido)galactitol, indi-
cating the presence of (/) internal 2-, 3-, and 3,6-substituted Gal residues, (if) non-
reducing, terminal Gal and GlcNAc residues, (iii) additional, 4-substituted GIcNAc
residues, and (/v) 3- and 3,6-substituted GalNAc-ol residues.

Treatment of KC, with the exo-f-p-galactosidase from C. lumpas and the
exo-2-acetamido-2-deoxy-f-D-glucosidase from 7. cornutus, with p.c. (solvent B)
of the digests, revealed two major products from the former which migrated 2.5 x
and 5.8 x relative to the original material, and one product from the latter which
migrated 2.0 x relative to original material. These results were consistent with the
loss of one Gal, two Gal, and one GlecNACc, respectively.

Consecutive digestion with Jack-bean meal exo-fi-p-galactosidase and exo-f3-
acetamido-2-deoxy-f-D-glucosidase gave several products, the fastest migrating of
which co-chromatographed on p.c. (solvent A4) with LD,a and which was assigned
the structure f3-Gal-(1—3)-GalNAc-ol.

Fraction KC, was resistant to endo-f-D-galactosidase. The mass spectrum of
permethylated KC, 1s shown in Fig. 2D, with an interpretation of the fragments
found. All of the data are consistent with the following structure for the major
component of KC,:

B-GlcNAc
I
16/3
[-Gal-(1—4)-B-GlcNAc-(1 —3)--Gal-(1-3/6)-£-Gal-(1
3)
\ GalNAc-ol.
6)/

=7

Vd
F-Gal-(1 -4)-f-GlcNAc-(1
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Thus structure does not account for the permethylated fragments with m/z 710, 914,
and 930, or the presence of 2-substituted Gal and 3-substituted GalNAc-ol in KC,
These would be accounted for by the following structure

B-Gal-(1 -4)--GlcNAc

l 1
6/3
B-GleNAc-(1+2)-B-Gal-(1 -»4)-B-GleNAc-(1 - 3)-p-Gal-(1-3/6)--Gal-(1—3)-GalNAc-ol

Thus latter structure has an internal -Gal-(1—4)-GlcNAc linkage, but the 2-substitu-
tion of the Gal residue by GlcNAc could account for the resistance of KC, to endo-
B-D-galactosidase No evidence was found by mass spectrometry for the presence of
Fuc residues or Gal substituted at position 4 in KC, (Tables Il and III) and, therefore
the non-reducing, terminal hnkage GIcNAc-(1—-2)-Gal-(1— 1s proposed This
linkage has recently been reported 1n hog gastric-mucin'?

The unusual branched structure

B-GicNAc-(1
3/6)-p-Gal-(1—
A
B-Gal-(1

1s also proposed in both 1somers of KC,, particularly to account for the 1dentification
by ms of permethylated fragments with m/= 669, 710, and 914 (Fig 2D) the carbo-
hydrate chain of the major component of KC,, giving the fragment m/= 669, could
not have the alternative sequence Gal-1—Gal-1- GlcNAc-1—, as this would be
mnconsistent with the products of exo-galactosidase action (no fragment with a
mugration compatible with that of a fast-running pentasaccharide was obtained)
the alternauve sequences giving mj= 914 (Gal-1—GIcNAc-1—Gal-1—-GlecNAc-1—
or Gal-1->Gal-1-GlcNAc-1—-GlcNAc-1—) are not present in the minor component
of KC,, as these do not give rise to the fragment m/z 710

(e) Fraction KE, This fraction was eluted from cahibrated Bio-Gel-P4 1n a broad
peak corresponding to 11 hexose units (Fig 1), and was estimated by gl ¢ to contain
heptasaccharides having the composition Gal-GleNAc-GalNAc-ol 3 3 1

Analysis of the partially O-methylated alditol acetates dertved from KE,
(Table III) revealed 2-deoxy-3,4,6-tri-O-methyl- and 2-deoxy-3,6-di-O-methyl-2-
(N-methylacetamido)glucose, 2,4,6-tri-O-methyl- and 2 3,6-tri-O-methyl-galactose,
and 2-deoxy-1,4,5,6-tetra-O-methyl- and 2-deoxy-1,4,5-tri-O-methyl-2-(N-methyl-
acetamido)galactitol, indicating that (¢) GIcNAc was the only non-reducing, terminal
sugar; (ur) internal, 4-substituted GlcNAc residues were also present, (1) Gal residues
were 3- or 4-substituted; (i) two types of GallNAc-ol were present, 3- and 3,6-
substituted The characteristic fragments found on mass spectrometry of permethyl-
ated KE, (Table III), with m/z 260, 464, 669, and 710, could therefore be interpreted
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as the sequences GlcNAc—, GlcNAc— Gal—, GlcNAc— Gal— Gal—, and GlcNAc—
Gal—GIcNAc—, respectively

Treatment of KE, with the 2-acetamido-2-deoxy-f3-D-glucosidase preparation
from Jach-bean meal (containing some contaminant f3-p-galactosidase) gave several
products, one of which (KE,1) co-chromatographed on Bio-Gel P4 (Table 1) and
paper with LD,a (see above), which was assigned the structure f3-Gal-(1 —»3)-GalNAc-
ol This linkage 15, therefore, proposed for KE,

Of fraction KE,, ~30%; was digested by 1 x and 10 x concentrations of endo-
B-p-galactosidase, chromatography of the digest on calibrated Bio-Gel-P4 gave
three labelled peaks KE,a, which co-chromatographed with the original matenal
and contained ~70%, of the radioactivity, and two labelled fragments, KE,b and
KE.c

The analysis of the partially O-methylated alditol acetates derived from methyl-
ated, non-digestible material KE,a (Table II) indicated that 1t contained some 4-
substituted Gal and that the GallNAc-ol residue was 3.6-substituted Together with
the data given above for the parent fraction the following structure can be proposed
for KE.a, the major component of fraction KE;.

B-GlcNAc-(1 — 3/4)-$-Gal-(1 - 3/4)-B-Gal-(1
N

3)
>GalNAc—ol
6)

B-GlcNAc-(1 »4)--Gal-(1 -»4)--GlcNAc-(1

In the GlcNAc-Gal-GlcNAc chain of this structure, the substitution of the galactosyl
residue at O-4, rather than at O-3, by the GlcNAc residue could account for the
resistance of KE,a to endo-f3-D-galactosidase In the GIcNAc-Gal-Gal chain, the
calactosyl residues could be 3- or 4-substituted This chain s similar to that found in
KC,, in the absence of the branch (GIcNAc-1— or Gal-1—-GIlcNAc-1-) at galactose

From analysis of the original fraction KE, and of the labelled fragments KE.b
and KE,c, obtained from the reduced and tritiated end of the molecule after digestion
with endo-f-D-galactosidase, structures could be proposed for two minor components
Fragment KE,b migrated on calibrated Bio-Gel P4 in a position corresponding to
7 hexose units (Fig 1, Table I), and in p ¢ (solvent A) asa fast-running tetrasaccharide
(1 1 x relative to standard Fuc-Gal-GIcNAc-Gal-ol and 0 8 x rclative to standard
Gal-GlcNAc-Gal-ol) Fragment KE,b was, therefore, thought to have the compo-
sition (GIcNAc),(Gal),GalNAc-ol From the known specificity of the endo-f-p-
calactosidase and the data from analysis of KE, reported above, the following was
considered the most likely structure for KE,b
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B-GleNAc-(1 —~>3/4)-B-Gal—(l

3
)\/ GalNAc-ol
6y’

g

B-GlecNAc-(1

This would be dernived from such a structure as the following. which has the enzyme-
susceptible sequence and the composition and linkages proposed for KE,

B-GlcNAc-(1—3/4)-f-Gal-(1

> GalNAc-ol
6)
v
[-Gal-(1—4)--GlcNAc-(1 - 3)-f-Gal-(1 »4)--GlcNAc-(1
T

endo-f-D-galactosidase attach

The second fragment (KE,c) migrated on Bio-Gel P4 in a position corre-
spondmg to 3 hexose units (Fig 1 and Table I), and 1in pc (solvent A) as a fast-
running trisaccharnde (1 8 x relative to standard Gal-GlcNAc-Gal-ol and 08 x
relat.ve to standard GlcNAc~Gal-ol) Analysis of the partially O-methylated alditol
acetates derived from KE,c (Table II) showed 2-deoxy-3,4,6-tri-O-methyl-2-(N-
methylacetarmido)glucose. 2.4,6-tri-O-methyl-galactose, and 2-deoxy-1,4,5,6-tetra-
O-methyl-2-(N-methylacetamido)galactitol, consistent with the following structure
for KEs¢ GleNAc-(1-53)-Gal-(1-3)-GalNAc-ol

This would be derived from such a structure as the following, which has the
enzyme-susceptible sequence and the composition and linkages proposed for KE,

B-GleNAc-(1—3/4)--Gal-(1 5> 4)-3-GlcNAc-(1 = 3)--Gal-(1 - 4)--GlcNAc-(1 - 3)-
B-Gal-(1-3)-GalNAc-ol 1
endo-f-p-galactosidase attack

(f) Fiacrion KF, This fraction was estimated by g1 ¢ and by chromatography
on dextran-calibrated Bio-Gel P4 to have the composition Gal-GlcNAc-GalNAc-ol
3 3 1 with a small proportion of fucose

The analysis of the partially O-methylated alditol acetates derived fiom KF,
(Table II) revealed 2,3,4-tri-O-methyl-fucose, 2,3,4,6-tetra-O-methyl-, 2,4.6-tri-O-
methyl-, 2,3,6-tri-O-methyl-, and 3,4.6-tr1-O-methyl-galactose, 2-deoxy-3,4,6-tr1-O-
methyl- and 2-deoxy-3,6-di-O-methyl-2-(N-methylacetamido)glucose, and 2-deoxy-
1,4,5-tr1-O-methyl-2-(N-methylacetamido)galactitol, indicating the presence of (¢)
non-reducing, terminal Fuc, Gal, and GlcNAc restdues, (i) internal Gal residues
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linked at positions 3, 4, or 2. (i) a 3,6-substituted GalNAc-ol residue With these
data, the major fragments detected on mass spectrometry of permethylated KF,
(Table III) could be interpreted as follows

mfz
Gal— 219
GlcNAc— 260
Gal—GIcNAc— and GIcNAc—Gal— 464
Gal—-GlicNAc—Gal— 669
GlcNAc—Gal—-GlcNAc— 710
GlcNAc—Gal—GalNAc-ol«— 726
Fuc—Gal-GlcNAc— 639
Fuc— Gal—GleNAc—Gal— 843

The presence of terrmnal Fuc, Gal. and GIcNAc was further suggested by
treatment of KF, with specific exo-glycosidases and analysis by p ¢ (solvent 8) On
treatment with C lampas exo-B-D-galactosidase, only a part of the fraction was
digestible, giving one or more products chromatographing as a broad peak 2x
relative to criginal (and undigested) material, and 0 9 x relative to standard penta-
saccharide (Gal),(GlcNAc),Gal-ol This result 1s conwustent with the formation of
fast-running hexasaccharide(s) with composition (GlcNAc);(Gal),GalNAc-ol by loss
of one galactose residue from the non-fucosylated components and no digestion of
fucosylated components Treatment of KF, with the 2-acetamido-2-deoxy-fi-D-
glucosidase from 7" cornutus gave a major product which migrated 1 5% relative to
the original material, and 0 75 x relative to standard pentasaccharide (Gal),(GleNAc),
Gal-ol Tius result 15 consistent with the loss of one GlcNAc residuc, to give a slower
running hexasaccharide than that obtained by digestion with the C lampas f3-D-
galactosidase

Of fraction KF,, ~30¢% was digested by 1 x and [0x concentratton of the
endo-f-D-galactosidase Analysis of the digests by p ¢ gave three labelled peaks
K F,a which co-ciromatographed with the original matenal and accounted for ~709
of the radioactivity, and two labelled fragments KF,b and KF.c

The following structure 1s proposed for KF,a the major componcent of KF,
[ & %-Fuc-(1-2)-]#-Gal-(1 +4)-GleNAc-(1—3)-Gal-(!

3/6)-GalNAc-ol
/'Y
p-GIcNAc-(1-4/2)-Gal-(1 -4)-GlcNAc-(1
This structure would give all the major permcthylated fragments (except niyjz 726,
which was obtamned in relatively small amounts) and the partially O-methylated
alditol acetates obtained from psrmethylated KF, Itis proposed that, in the GlcNAc-
Gal-GlcNAc chain, the galactosyl residue 1s 2- or 4-substituted, as this could account
for the resistance of this oligosaccharide to endo-fi-p-galactosidase From the methyla-
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non-analysis data, the galactosyl residues in the Fuc—-Gal-GlcNAc-Gal- chain
could be 2-, 4-, or 3-substituted but, on account of the known blood-group H activity
in the oniginal glycoprotein, the x-Fuc-(1—2)-Gal linkage 1s hikely and the remaining
galactose would be the (1—3)-linked residue detected

From analysis of the original frachion KF, and of the labelled fragments
KF,b and KF.c, obtained from the reduced and tritiated end of the molecule after
digestion with endo-f-p-galactosidase, structures could be proposed for two minor
components Fragment KF,b co-chromatographed with KE,b obtained by treatment
of X E, with endo-f-D-galactosidase and was therefore suggested to have the structure

B-GicNAc-(1—3/4/2)-3-Gal-(1
N
3/6)-GalNAc-ol
A
B-GlcNAc-(1

This would be derived from such a structure as the following, which has the enzyme-
susceptible sequence and the composition and linkages proposed for KF,

B-GlcNAc-(1-3/4/2)-p-Gal-(1

Ny
3/6)-GalNAc-ol.
{ +a-Fuc-(1-2)-]4-Gal- A
(1 —4)-B-GleNAc-(1—3)--Gal-(1 »4)-B-GlcNAc-(1

T

endo-f-D-galactosidase attack

This structure has the sequence giving the permethylated fragment with m/f- 726
detected n fraction KE, (Table III), and only one terminal -GlcNAc residue and
one possible, terminal B-Gal residue which were released on treatment with the
specific exo-fi-D-glycosidases

Fragment KF.c co-chromatographed with the fragment obtained by digestion
of fraction LD, (1somer 2. see above) with endo-f-D-galactosidase and was therefore
considered to have the structure

B-Gal-(1
\
3/6)-GalNAc-ol,

7
B-GlcNAc-(1

this would be obtained by digestion of a third component of fraction KF, with the
structure
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[-Gal-(1
.
3/6)-GalNAc-ol
B-GlcNAc-(1—3/4/2)-B-Gal- o
(1-4)-B-GlcNAc-{1 =3)--Gal-(1 =4)-4-GlcNAc-(1
T

cndo-fi-p-galactosidase attach

DISCUSSION

In these studies, considerable structural mfoimation was obtamed on oligo-
saccharide fractions which were «wvailable only in 50-500-ug amounts This was made
possible by the use of calibrated columns of Bio-Gel P4 for estimation of the size
and composition of oligosaccharides and their enzyme-degradation products This
information was supplemented by applying calibration rules to p ¢ The piesence of
trittum-labelled, reduced, terminal GallNAc-ol cnabled sensitive detection of the
oligosaccharides Also, important structural data were deduced by the use of an
endo-f-p-galactosidase known to cleave specifically certain mternal ff-p-galactosyl
linkages’, and extensive use was made of direct-insertion ms of permethylated
oligosaccharides to indicate the number and size of branches present These technique.,
were used 1n conjunction with the more classical methods of exo-glycosidase digestion
and glc—-ms of parnally O-methylaied alditol acetates derived from permethylated
oligosaccharides

Of the 12 oligosacchande structures proposed, all had GalNAc-ol at the re-
duced end In the majority of the oligosaccharides, this residue was shown to be 3 6-
disubstituted, forming a branched-core region. mn two oligosaccharides, the corciegion
was unbranched with GalNAc-ol substituted at position 3 only The mass specuaum
obtained for the partially-O-methylated alditol acctate of the disubstituted GalNAc-ol
confirmed that reported by Wrann and Tuopy'? for 3.6-di-O-acetyl-2-deowy-1,4.3-
tri-O-methyl-2-(N-methylacetamido)galactito!  The appropriate spectium for 2-
deoxny-1,3,4,3.6-penta-O-meihyl-2-(NV-methylacetamido)galactitol was also obtained
on analysis of the fragment LE,a which was the product of scquential digestion of
fraction LE, by exo-fi-o-galactosidase and exo-2-acetamido-2-deoxy-fi-p-glucosidase
(Tables I and II) 1,3,6-tri-O-acetyl-2-deoxy-4,5-di-O-methyl-, 1,6-di1-O-acetyl-2-
deoxy-3,4,5-tn-O-methyl-, or 1-O-acetyl-2-deoxy-3,4,5,6-tetra-O-methyl-2-( V-methyl-
acetamido)-galactitol, which would be derived from O-demethylation of the terminal
GnlNAc-col residue, were not detected O-Demethylation or N-demethylation has
been reported to occur durins the preparation of partially-O-methylated alditol
acetates from permethylated oligosaccharides?® 22

From our studies of sheep gastric-mucins and work from other ldbOFdIOI‘ICS on
human ovarian-cyst glycoproteins®® * and the gastric mucins of man®?, horse?®,
and hog?’, some generalisations can be made regarding the structures of oligo-
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saccharide chains linked 112 GalNAc-O-serine/threonine to protemm The oligo-~
saccharides have core and backbone sequences as follows

Unbiranched cores
B-Gal-(1—3)-GalNAc (human horse hog, and sheep glycoproteins)

B-GlcNAc-(1—3)-GalNAc (horse gastric-mucin)

Branched cores

B-Gal-(1
\-L
3)\
~GalNAc (human, horse hog and sheep glycoproteins)
6)
7
p-GleNAc-(1
B-GIcNAc-(1
.
3)
GalNAc (sheep glycoproteins)
6)/
A

[-GleNACc-(1

To these may be added the disaccharide sequence 7-GalNAc-(1—3)-GalNAc i1solated
from pig?® and human ovanan-cyst>* blood-group substances However, this se-
quence was not subsfituted further and may represent a chain-termination point
rather than an oligosaccharide-core structure

Bach bone stiucrui es
B-Gal-(1 53)--GlcNAc-(1-3)
B-Gal-(1-4)-3-GlcNAc-(1—3/or 6)

These are commonly known as ‘type 17 and ‘type 2’ precursor-chain se-
quences, respectively?® In ovarian-cyst and gastric glycoproteins of man 1t appears
that the preponderant linear-backbone sequences are of type 1 and that (1 —4,1—6)-
linked, type 2 chains occur at bianch points. In the gastric mucins of hog, horse and
sheep, the preponderant sequences detected have been of type 2 jomned by (1-3)
linkages in hinear chains and (1-+6) linkages at branch points Evidence has been
presented for the presence of some type | chains in hog gastric-mucin® 3! As
glycosphingolipids of erythrocyte membranes!”?, the (1—-4.1-6)-linkage sequence
has not been detected in the absence of branching, suggesting that the (1-3,1—-3)
and (1—4, 1-3) linkages are the preferred (or the first synthesised) sequences

Branched and linear chain sequences of type 2 are antigenic determinants of
the blood-group I and 1 antigens, respectively'” *2 3* In the present studies, the
individual purified oligosaccharides could not be tested for antigenic activities on
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account of the limited amounts available However, the parent fractions K and L
inhibited the anti-I antibodies Ma and Step and the anti-1 antibody Den n radio-
immunoassays, and sub-fraction LE (of which LE, was the major component) was
a potent nhibitor of antu-I Ma*® Anti-I antibody Ma specifically reacts®*~*¢ with
the sequence pf-Gal-(1-+4)-B-GlcNAc-(1—6)- and substitution of the terminal
galactose with «-Fuc-(1—2) blocks this reactivity®® %, whereas substitution with
a-Gal-(1—-3) or a-siahic acid-(2—3) does not'” 32 The following structure proposed
for LE, 1s consistent with reactivity with anti-I Ma

B-Gal-(1-3)-B-Gal-(1-4)-f-GlcNAc-(1
u

3/6)-GalNAc-ol

v
B-Gal-(1—-4)--GlcNAc-(1

However it 1s not known whether the non-reducing. terminal -Gal-(1 —3) substitu-
tion would block reactivity with anti-I Ma Thus, 1t 15 not possible, from the inhibitory
activity of fraction LE, to deduce whether the galactose 1s on the f-Gal-(1—4)-f3-
GlcNAc-(1—6) or the f-Gal-(1 »4)--GIcNAc-(1 - 3) chain

An unsubstituted Ma-specific sequence was also found 1n fraction LD, (1somar
1) and proposed n fraction KC; Fraction LD,, which was the second, major compo-
nent of fraction L, contamns, in addition, the sequences f-Gal-(1—4)--GlcNAc-
(1-3)-Gal- (LD,, isomer 1) and f-Gal-(1-4)-8-GlcNAc-(1—-3)-3-Gal-(I1 »4)-
GlcNAc- (LD,, 1somer 2) These sequences are involved in the antigenic determinants
recogmised by anti-I antibodies, other than those of ‘Ma type °, and the majoiity
of anti-1 antibodies' 7 32 33 and would account for the antigenic activity of fraction L
with anti-I Step and anti-1 Den®

There was no evidence for the presence of type | sequences in any of the oligo-
saccharides of the present studies It will be of interest to determine whether the
lack of type I chains 1s related to the selection by affinity chromatography of glyco-
proteimns having blood-group It activities or whether the gastric mucins of sheep differ
from human mucins in having exclusively oligosaccharides with type 2 sequences

In certain of the oligosaccharide fractions, there was evidence for substitution
of the terminal galactose of the backbone structure with blood-group-H-associated
o-Fue-(1-2) (fraction KF,) or blood-group-A-associated o-Fuc-(1—2) and »-
GalNAc-(1—-3) (fraction KF;a) In other fractions, there was evidence for substitu-
tion with -GlcNAc-(1—4), f-GlcNAc-(1—2), or f-Gal-(1 —3) of unhnown antigenic
spectficities  The terminal, non-reducing sequence v-GlcNAc-(1 —4)-Gal has becn
found 1n human ovarian-cyst glycoproteins®* and hog gastric-mucin®’?, and ternunal,
non-reducing GleNAc-(1—2)-Gal has been reported previously in hog gastric-mucin!?
It will be of interest to 1nvestigate to what extent GleNAc-(1—2) and GlcNAc-(1—4)
substitutions (with o or f configuration) mask the reactivities with various anti-I

and anti-1 antibodies
From our studies of hexa- to octa-saccharides of sheep gastric-mucins having
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blood-group [ activities. the following structural model can be proposed, which consists
of (a) a core region. (b) a bachbone region having (1—3)- and (1—-6)-linked V-
acetyl-lactosamine [f-Gal-(I—4)-GIlcNAc] branches with I activities, and hnear,
repeating, (I—3)-hinked N-acetyl-lactosamine umts with 1 activities, and (¢) a peri-
pheral region with blood-group 1sotype activities

Peripher) Backbone Core
—3)

-GalNAc:
oa-Fuc-(1—2) p-Gal-(1—4)-f-GlcNAc-(1—3) [-+6)
2-GalNAc-(1-3) B-Gal-(1—4)-8-GIcNAc-(1—6) 6 GalNAC
B-Gal-(1-3) B-Gal-(1—4)-B-GIcNAc-(1 - 3)-f-Gal-(1 —4)-f-GIcNAc-(1-3) 3

1
B-GIcMNAc-(1—2) B-Gal-(1-4)-B-GIcNAc-(1-3)-f-Gal-(1-+4)--GIcNAc-(1—6) | = —3/6)-Gal

B-GlcNAc-(1—-4) 1
£ —3)-Gal
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