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ABSTRACT

Two fucose-containing pentasaccharides were isolated from goat’s milk using a Bio-Gel P-4 column,
followed by reverse-phase C-18 high-performance liquid chromatography. The structures of the penta-
saccharides as characterized by high-field 'H-n.m.r. spectroscopy and enzymatic digestion were found to be

f-p-Galp-(1 —+4)--D-GlcpNAc-(1 - 6)-§-p-Galp-(1 —»4)-D-Glcp

1
a-L-Fucp-(1-3)

and

p-D-Galp-(1—3)-f-D-GlcpNAc-(1 - 6)-§-p-Galp-(1 —4)-p-Glep
T
a-L-Fucp-(1-3)

INTRODUCTION

Fucose-containing oligosaccharides are reported to occur in a variety of animal
tissue fluids'?. Although no specific biological function has been ascribed to these
oligosaccharides, they are an important source of substrates for studies of acceptor
specificities of glycosyl! transferases and substrate specificities of glycosidases, as well as
important antigenic determinants for production as well as characterization of poly-
clonal and monoclonal antibodies>®. Recently, Bush and co-workers have isolated
various fucose-containing neutral oligosaccharides from human milk by high-perform-
ance liquid chromatography (h.p.l.c.) and determined their structures by 'H- and
C-n.m.r. spectroscopy®®. Egge and co-workers have also isolated some fucose-con-
taining oligosaccharides from human milk as the reduced and per-O-acetyl derivatives
using h.p.l.c. and characterized them by mass spectrometry and high-field 'H-n.m.r.
spectroscopy>®'’. However, oligosaccharides of goat’s milk, which is normally pre-
ferred for feeding of infants because of its ease of digestibility and low fat content as
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compared to cow’s or buffalo’s milk, have not been characterized. In the absence of such
studies, it is not possible to compare the structures of fucose-containing oligosaccha-
rides of human milk with those of goat’s milk. We have earlier reported the isolation and
characterization of three goat-milk oligosaccharides by h.p.l.c. and high-resolution
'H-n.m.r. spectroscopy'’.

In this paper, we report the isolation and purification of two fucose-containing
pentasaccharides of goat’s milk by h.p.l.c. and their characterization by high-field
'H-n.m.r. spectroscopy. These oligosaccharides show markedly different structures
from those of human milk. The structures of these oligosaccharides have been further
confirmed by enzymic degradation, followed by h.p.l.c. analysis of the resulting mixture
of fragments.

EXPERIMENTAL

Materials. — Fresh goat’s milk was procured from a local dairy and kept in ice
until processed. Bio-Gel P-4 was purchased from Bio-Rad Laboratories (U.S.A.). High
purity D,0 (99.98%) was obtained from Merck, Sharp, and Dohme (U.S.A.). All other
chemicals were reagent grade from standard commercial sources.

Isolation of oligosaccharides. — Goat’s milk was processed as described by
Kobata and Ginsburg®. Briefly, the milk was centrifuged at 4°, and the lipid layer was
removed by filtration through a loosely packed glass-wool column in the cold. Lactose
and proteins were precipitated by the addition of ethanol up to a final concentration of
68%, and the supernatant was lyophilized. The lyophilizate was fractionated on a
Bio-Gel P-4 column using glass double-distilled water as eluent. Fractions (0.75 mL)
were collected at a flow rate of 0.25 mL.min "', and aliquots (50 uL) from every fraction
were analysed for sugar by the phenol-sulphuric acid method". Carbohydrate-contain-
ing fractions under various peaks were pooled, lyophilized, dissolved in glass double-
distilled water (15 mg.mL ") and further analysed by h.p.l.c.

Purification of oligosaccharides by h.p.l.c. — The oligosaccharide fractions ob-
tained from the Bio-Gel P-4 column were further purified by reverse-phase h.p.l.c.'®
using a Shimadzu Model LC-4A Liquid Chromatograph fitted with a Du-Pont Zorbax
C-18 column (4.6 x 250 mm), u.v. detector, and a Shimadzu Chromatopac Model C-R
2AX data processing system, Oligosaccharides were eluted with h.p.l.c.-grade distilled
water at a flow rate of 1 mL.min~"'. The effluent was monitored by u.v. absorbance at
202 nm. Multiple runs were made on the same column to collect sufficient amounts of
each oligosaccharide peak, and fractions were collected manually at the detector outlet.
Each fraction was then repeatedly chromatographed on the reverse-phase (C-18)
column until a purification of >95% was achieved. In addition, the purified fractions
were checked for contamination by any cross peak by h.p.l.c. on the normal-phase
column (NH,, Zorbax column, 4.6 x 250 mm) using 6:4 CH,CN-H,O at a flow rate of 1
mL.min "', The purified fractions were assayed for carbohydrate content as above.

Carbohydrate analysis by h.p.l.c. — Carbohydrate analysis was accomplished by
h.p.L.c. of the benzoylated methyl glycosides of oligosacchérides using Jentoft’s meth-
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od". Methanolic HCI (0.2 mL) was added to each sugar (1 umol) sample, and the
mixture was heated for 8 h at 80°. The samples were then cooled to room temperature,
tert-butanol in methanol (0.1 mL of 80% v/v) was added to each, and the samples were
dried under a stream of N,. The hexosamines were reacetylated by dissolving the sample
in dry methanol (0.1 mL), followed by addition of pyridine (40 uL) and acetic anhydride
(40uL) and incubating the sample for 1 h at room temperature. The samples were dried
under a stream of N,. Toluene (40 uL) was added, and the samples were redried and
dissolved in 9:1 CH,CN-H,O (v/v). Samples (10 uL) were analysed on a Zorbax C-18
column (25 cm, 5u), eluting with 9:1 acetonitrile-water at a flow rate of 0.5 mL.min ™",
The retention times of sugars in acid hydrolysate were compared with those of standard
samples.

Structure determination by ' H-n.m.r. spectroscopy.— For '"H-n.m.r. spectroscop-
ic analysis, samples were dissolved in D,O and repeatedly exchanged with D,O, fol-
lowed by lyophilization. The samples were then dissolved in high-purity D,0 (0.3 mL).
The observed chemical shifts were reported relative to internal sodium 4,4-dimethyl-4-
silapentane-1-sulfonate (DSS) using acetone as an internal standard (6 = 2.225 p.p.m.)
downfield from DSS. The 'H-n.m.r. spectra were recorded at 77° in order to see the
a-Fuc H-5 resonances. The spin-difference decoupling experiments (SDDS) were car-
ried out at 22°. The nuclear Overhauser enhancement experiments were carried out at
70° in order to overcome the effects of unfavourable rotational correlation times'®. The
pulse sequence for the n.O.e. experiments utilised a 3-s pre-irradiation, followed by 90°
observation pulse and acquisition with the irradiation turned off, The observed chem-
ical shifts are reported relative to internal DSS using acetone as an internal standard
(6= 2.225 p.p.m. downfield from DSS).

Enzymatic digestion. — Fucosidase digestion was used to assist in the oligo-
saccharide structure determination. The compound (2 mg) was dissolved in 1.0mm
sodium acetate buffer (pH 5.0, 1 mL), and bovine kidney a-L-fucosidase (200 uL,
equivalent to 1 unit of enzyme, Sigma) was added. The mixture was incubated for 16 h at
37°, at the end of which time additional a-L-fucosidase (1 unit) was added, and the
mixture was incubated for a further 16 h at 37°. The products were assayed by C-18

reverse-phase h.p.l.c. using water as eluent at a flow rate of 1 mL. min—".

RESULTS AND DISCUSSION

Fig. 1 shows the elution profile of the goat-milk oligosaccharides from the
Bio-Gel P-4 column. Four distinct carbohydrate-containing peaks, designated as A, B,
C, and D, were obtained. Of these oligosaccharide peaks, D was mostly lactose, whereas
peaks C, B, and A contained a mixture of oligosaccharides of varying sizes. Fractions
under these peaks were pooled separately and lyophilized. Fraction C, when further
analysed by h.p.l.c. on the reverse-phase C-18 column using water as eluent, was
resolved into five distinct oligosaccharide peaks, P-1, P-I1, P-II1, P-IV, and P-V (Fig. 2).
The failure to resolve the oligosaccharides into their a- and f-anomeric pairs on the
reverse phase C-18 column might be a consequence of poor resolution of anomers and
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Fig. 1. Bio-Gel P-4 chromatography of goat-milk oligosaccharides. A sample (1 mL, equal to 250 mg of
p-glucose) was loaded on the Bio-Gel column (1.5 x 60 cm), and the oligosaccharides were eluted with water
ata flow rate of 0.25 mL. min~! as described in the Experimental section. Fractions indicated by a bar (-) in
each peak were pooled.
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Fig. 2. Reverse-phase h.p.l.c. of the Bio-Gel P-4 fraction C. A sample (10 4L) was injected on a Zorbax C-18
column and eluted with water at a flow rate of 1 mL. min~'. The elution was monitored by u.v. adsorption at
202 nm. Each fraction was manually collected.
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peak broadening which occurs for cases in which the mutarotation time is comparable
to the chromatographic time'. This possibility is further supported by the finding that a
partial resolution into the anomeric pairs was possible when the chromatographic
analysis was carried out at lower temperature (7-8°). Sufficient amounts of the individu-
al oligosaccharide fractions eluting under different peaks were collected and purified by
repeated chromatography on the reverse-phase column as described above. The puri-
fied oligosaccharide fractions showed no contamination of cross-peaks on the normal-
phase amino column (Figs. 3 and 4), and, therefore, were found suitable for 'H-n.m.r.
studies.

Carbohydrate composition of oligosaccharides P-I1II and P-IV by h.p.l.c. — Table 1
shows the carbohydrate analysis data obtained by h.p.l.c. analysis of the benzoylated
methyl glycosides using Jentoft’s method'. The result showed that both compound
P-II1, as well as P-1V, were fucose-containing pentasaccharides having one Glc, one
GlcNAc, two Gal, and one Fuc residues each.

Structure determination by high-field ' H-n.m.r. spectroscopy. — The results of
high-field '"H-n.m.r. spectroscopy at 400 MHz of the oligosaccharide fractions P-III
(Fig. 5) and fraction P-1V (Fig. 6) recorded at 77° showed that these were fucose-
containing oligosaccharides. The assignment of their full structure was accomplished as
described in the paragraphs which follow.

Integration of the anomeric region of the '"H-n.m.r. spectrum of compound P-ITI
(Fig. 5) shows it to be a pentasaccharide containing two §-galactose (Gal), one -N-
acetylglucosamine (GlcNAc), one a-Fucose (Fuc), and one glucose (Glc) residues.
Comparison of its spectrum to that of compound P-II [$-D-Galp-(1 -+ 4)-$-D-GlcpNAc-
(1-6)-p-p-Gal-(1 »4)-$-pD-Glcp]isolated from the same goat-milk fraction'! shows that
it has an identical tetrasaccharide core structure with an additional a-Fuc residue
indicated by its characteristic H-1, H-5, and H-6 resonances at § 5.225 (J 3.1 Hz) and
4.861 and 1.292 (J 6.3 Hz) p.p.m. respectively'®. The assignment of a-Fuc H-5 at 4.861
p.p.m. was made by recording the spectrum at a high temperature (77°) when the H-5
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Fig. 3. Rechromatography of the oligosaccharide P-III (purified by reverse-phase C-18 chromatography)
on normal-phase NH, column (Zorbax) eluted with 6:4 CH,CN-H,O at a flow rate of 1 mL. miri—!. The
elution was monitored by u.v. absorption at 202 nm.



96 P. CHATURVEDI, C. B. SHARMA

Injection

Fig. 4. Rechromatography of the oligosaccharide P-IV (purified by reverse-phase C-18 chromatography)
on normal-phase NH, column (Zorbax) eluted with 6:4 CH,CN-H,0 at a flow rate of | mL. min~'. The
elution was monitored by u.v. absorption at 202 nm.

clearly shows its characteristic shape, as the HOD peak shifts upfield at this temper-
ature'. The a-Fuc H-5 position was further confirmed by decoupling at a-Fuc H-6. The
absence of an a-Fuc H-5 resonance in the region of § 4.2-4.3 suggests that fucose is not
linked via a 12 linkage'. The chemical shifts analogies of the a-Fuc H-1 resonance
(5.225 p.p.m.) of monofuco lacto-N-hexaose and difuco lacto-N-hexaose'® indicated
that fucose is linked through a 1-3 linkage and not by a 1—4 linkage's. Since in the
tetrasaccharide core structure (compound P-II), the C-4 position of f-GIcNAc is
occupied by a f-Gal, a-Fuc can only be 1-3 linked to f-GlcNAc, a deduction which
supports our interpretation that the a-Fuc is in fact 153 linked. The remaining
resonances were assigned as in the case of compound P-II''. A comparison of the
spectrum to those of lactose'’, lacto- N-tetraose (LNT), and lacto-N-neotetraose (LNne-

Amide methyt
HOD GicNAc

[
B-GIcNAC H-1,B-Glc H-1

a-Fuc H-6
o-Blc Ha AE-G“C;ISH1
e-Fuc H-1 6-Fuc -
-1
_JUA
50 40 30 20 10 pp.m.

Fig. 5. 'H-n.m.r. spectrum (400 MHz) of oligosaccharide P-I1I in D,O at 77°.
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TABLE I

Carbohydrate analysis of goat-milk oligosaccharides by reverse-phase h.p.l.c.

Oligosaccharide Residues

Glc GleNAc Gal Fuc
P-TIT 1 1.04 1.9 0.9
P-IV 1 1.09 2.2 1.1

oT)® shows the presence of a lactosyl residue [f-D-Galp-(1 —4)-$-D-Glcp] at the reducing
end. The doublets at 4 4.555 and 4.45 are assigned to H-1 of the terminal Gal'™'® (linked
1—4 to GlcNAc) and the internal, 6-substituted GAI®, respectively. The 'H-signal (1.5
H by integration) at J 4.663 is assigned to H-1 of §-GlcNAc and §-Glc. As there is no
downfield shift of H-4 of f-Gal, none of the f-Gal residues is substituted at C-3
position®. This fact implies that the f-GlcNAc may be 1—6 linked to Gal which is
assigned by SDDS and chemical shift analogies of f-GlcNAc® as reported by Dua et al.'®
Similar conclusions have been arrived at by Hanisch et al.'*, based on the chemical shifts
of H-2, H-3, and H-4 protons of C-6 glycosylated Gal®. Since these shifts are practically
identical in both P-1II as well as P-IV compounds, these protons must be located at
hydroxylated carbons, which means that C-6 must be glycosylated. The compound can
thus be assigned the following structure:

B-D-Galp-(1-4)--D-GlcpNAc-(1 - 6)--D-Galp-(1 -4)-D-Glcp

1
a-D-Fucp-(1-3)

This structure was futher confirmed by SDDS experiments which ga\?e the resonances of
the remaining protons (Table IT). The assigned structure of compound P-T1I was further
confirmed by enzymatic digestion with bovine kidney (1 —3)-a-L-fucosidase (Sigma).
Fig. 7 shows the chromatogram of compound P-1I1 obtained after 12 h of digestion with
(1-—-3)-a-L-fucosidase. The figure shows two peaks, one of the compound P-III with a
retention time of 4.0 min, and a second peak, which is the product of fucosidase
digestion, having a retention time of 3.0 min. The retention time of the product is
identical to that of the parent tetrasaccharide, i.e., compound P-I1, thus further confirm-
ing the structure. Approximately 70% of P-III was shown to be converted into P-II at
this stage.
The pentasaccharide P-11I differs from the pentasaccharide LNF-III,

p-p-Galp-(1—-4)--D-GlcpNAc-(1 - 3)--D-Galp-(1-4)-D-Glcp
T
a-L-Fucp-(1-3)

isolated from human milk®in having a 16 linkage between D-GlcpNAc and the Gal of

the lactosyl residue at the reducing end. Further, the comparison of its structure to that
of LNF-I1¢,
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a-Fuc B-Glc a-Fuc
H-1 H-1 H-6
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H-z L
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Fig. 6. 'H-n.m.r. spectrum (400 MHz) of oligosaccharide P-IV in D,0 at 77°.

TABLE II

'H-n.m.r. chemical shift data of goat-milk oligosaccharides®

Residué® Proton Oligosaccharide
P-111 PV
(6) (é)
a-Gle H-1 5.225 5.221
H-2 3.583 3.582
B-Gle H-1 4.663 4.658
H-2 3.295 3.283
H-3 3.632 3.709
f-Gal-(1-4)-p-Glc H-1 4.451 4453
H-2 3.581 3.580
H-3 3.714 3.691
H-4 3913 3.916
f-Gal-(1 -4)-D-GlcNAc H-1 4.555 —
H-2 3.524 —
p-Gal-(1-3)-D-GlcNAc H-1 — 4.453
H-2 — 3.517
p-GleNAc-(1-6) H-1 4.663 4.658
H-2 3.880 3.875
N-Ac 2.059 2.053
a-Fuc-(1-3) H-1 5.225 5.221
H-2 3.682 3.688
H-4 3913 3.907
H-5 4.861 4.865
H-6 1.292 1.294

* The chemical shifts are reported relative to internal (DSS) using acetone as the internal standard (6 = 2.225
p.p.m. downfield from DSS). ¢ Assignments refer te residue in bold type.
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p-p-Galp-(1—3)-f-p-GlcpNAc-(1 - 3)-f-p-Galp-(1 - 4)-D-Glcp

T
a-L-Fucp-(1—-4)

shows three differences: (i) It has a 1—6 linkage between f-GIcNAc and f-Gal as
compared to a 1 -3 linkage in LNF-II, (i{) It hasa 1 >4 linked §-Gal at the nonreducing
terminal, whereas LNF-II hasa 13 linked #-Gal at the same position. (ifi)) Ithasa 1 >3
linkage between a-Fuc and f-GlcNAc compared to a 1 -4 linkage in LNF-II,

The integration of the anomeric region of the 'H-n.m.r. spectrum of the com-
pound P-1V (Fig. 8) indicates that the compound is a pentasaccharide having two Gal,
one GIcNAc, one Glc, and one a-Fuc residues. A comparison of its spectrum to that of
compound P-IIT shows the absence of the downfield-shifted H-1 resonance of the
terminal (linked 1—+4 to GIcNAc) Gal. Integration of Gal H-1 resonance at § 4.453
indicates the presence of two f-Gal residues. The absence of the downfield-shifted
resonance of Gal H-4, together with the chemical shift analogies of P-I1I, allows one to
predict that the GIcNAcin this case is also 1 — 6 linked to Gal of the lactosyl residue. The
absence of the terminal Gal as stated above, coupled with chemical shift analogies'® of a
linked 1—-3 Gal, indicate that the second Gal residue is indeed 1—3 linked to GlcNAc.
The linkage of a-Fuc as 1 =3 was determined as in case of P-III. However, in this case
the C-3 position of GlcNAc is occupied by f-Gal. Therefore, the a-Fuc residue can only
be linked either to f-Gal at the nonreducing end or to Glc at the reducing end.
Decoupling of the f-Glc H-2 resonance identified its corresponding H-3 resonance at §
3.709. This downfield shift of 5-Glc H-3 resonance, as compared to the position of f-Glc

Salt

M, P-lI
P-111

=
[=]
2
(9]
2
s 4
o N
| S L 1 1 1 1 Fi 1 J
o 2 4 6 8 10 12 14 16 18 20

Retention time in minutes
Fig. 7. Reverse-phase chromatogram of compound P-11I obtained after 12 h. of enzymatic digestion with
(1—3)-a-L-fucosidase.
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Fig. 8. N.O.e.s obtained at 70° upon saturation of the a¢-Fuc H-1 resonance in compound P-IV.

H-3 resonance at J 3.632 p.p.m. of the compound P-III, suggests that Glc may be
substituted at the C-3 position. Hence a-Fuc could be 1 -3 linked to Glc at the reducing
end. The position of a-Glc H-3 could not be confirmed as its corresponding H-2 (3.582
p.p.m.) resonance lies in the crowded region of the spectra. Therefore, our assumptions
are based on the position of the a-Glc H-3 resonance, only. Based on the above
interpretation, the compound P-IV may be assigned the following structure:

B-p-Galp-(1-3)-p-D-GlcpNAc-(1 - 6)--p-Galp-(1+4)-p-Glcp

1
p-L-Fucp-(1-3)

The remaining proton resonances were obtained by SDDS experiments (Table II). The
site of linkage of Fuc was confirmed by an n.O.e. experiment, The n,O.es obtained at 70°
on saturation of a-Fuc H-1 are shown in Fig. 8. Positive n.O.es were observed at both
the a-Fuc H-2 and the §-Glc H-3 resonance, confirming that a-Fuc was linked to Glc at
the reducing terminus.

Enzymatic digestion of compound P-IV with (1- 3)-a-L-fucosidase yielded a
compound with a retention time of 3.4 min, which is different from that of tetrasaccha-
ride P-II. This further confirmed the presence of a (1 —3)-a-L-linked Fuc residue in this
pentasaccharide.

The pentasaccharide, P-IV differs from LNF-1 [a-L-Fucp-(1-2)-$-p-
Galp-(1-3)-4-p-GlepNAc-(1 - 3)-f-b-Galp-(1 »4)-D-Glcp)® in two respects. Firstly,
P-IV has a 1 -6 linkage between GlcpNAc and the f-Gal of the lactosyl residue as
compared to a 1 -3 linkage in the case of LNF-I. Secondly, it has an a-Fuc, which is
1-3 linked to Glc at the reducing end as compared to LNF-I, where a a-Fucis 152
linked to f-Gal at the nonreducing end.

The relatively early elution time of compound P-111in relation to that of P-IV may
be attributed to the difference in the position of the a-Fuc which is attached to
F-GlIcNACc in the middle of the chain in the former, whereas it is linked to Glc at the
reducing terminal in the latter. Moreover, the difference in the retention times of P-I1
and P-IV gives further evidence that the separation on a reverse-phase column is
dependent on stereochemical differences. These structures should be useful in character-
ization of related structures isolated from glycolipids or glycoproteins, as well as in
studies of the conformation of the oligosaccharides.
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