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Abstract

The composition of the products formed by treatment of commercial a-Neu5Ac-(2�3)-b-D-Galp-(1�4)-D-Glc
(3%-sialyllactose) with glacial acetic acid was investigated by 1H–13C one- and two-dimensional NMR spectroscopy
and fast atom bombardment-mass spectrometry. The data confirmed that the major product of the reaction was
a-Neu5Ac-(2�3)-b-D-Galp-(1�4)-D-Glc-(1c�2b)-lactone, which reverted to the starting material on standing in
aqueous solution at ambient temperature, but for which complete NMR assignments are reported. The NMR data
led to the tentative conclusion that the reaction also yielded small amounts of lactose, and a-Neu5Ac-(2�3)-b-D-
Galp-(1�4)-D-Glc-(1c�4b)-lactone which was stable in aqueous solution. © 2000 Elsevier Science Ltd. All rights
reserved.
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The milk or colostrum of many mammalian
species, especially the colostrum at the initial
stage of lactation, contains several kinds of
sialyloligosaccharides [1,2]. Recently, we pre-
sented NMR evidence which suggested the
presence of two different lactones of a-
Neu5Gc-(2�3)-b-D-Galp-(1�4)-D-Glc in
ovine colostrum [3]. Although lactonization of
sialic acid residues in gangliosides, including
GM3, is well established [4,5], lactonization of
the free GM3 oligosaccharide has only been

reported in connection with a step in the
isolation and purification of a-Neu5Ac-(2�
3)-b-D-Galp-(1�4)-D-Glc (3%-sialyllactose)
from bovine colostrum [6,7]. The conclusion
that lactonization proceeded through OH-2 of
the b-galactosyl residue was based on the
chemical shifts of selected resonances in the
1H NMR spectrum, whose assignments were
determined from homo- and heteronuclear ex-
periments, but no 13C chemical shifts were
presented.

In view of the continuing controversy as to
the origins of ganglioside lactones [4], our
NMR evidence for the natural occurrence of
sialyl(Neu5Gc)-lactose lactones prompted us
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to further investigate structural data for sialyl-
lactose lactones derived from more readily
available materials. NMR studies of 3%-sialyl-
(Neu5Ac)-lactose carried out by different
groups over more than two decades have led
to an increasingly refined definition of its
structure [8–19], but to our knowledge, the
partial data cited above remains the only pub-
lished evidence for the structure of a derived
lactone. Here we present conclusive 2D NMR
evidence to show that commercial 3%-sialyllac-
tose when treated with glacial acetic acid gives
a -Neu5Ac-(2�3)-b -D-Galp - (1�4)-D-Glc-
(1c�2b)-lactone as the major product, to-
gether with much lower yields of two other
products, tentatively identified as a-Neu5Ac-
(2�3) - b - D - Galp - (1�4) - D - Glc - (1c�4b)-
lactone and lactose.

Characterization of 3 %-sialyllactose-(1c�
2b)-lactone.—Analysis by thin layer chro-
matography (TLC) showed that treatment of
3%-sialyllactose with glacial acetic acid gave
one major product with R3%-SL: 1.30. The FAB
mass spectrum revealed prominent peaks at

m/z 632 and m/z 614 consistent with [M−1]−

ions for 3%-sialyllactose and a dehydrated
product, respectively.

Following dissolution in 2H2O, the major
product was almost fully hydrolyzed to 3%-sia-
lyllactose after about 72 h at the probe tem-
perature (20.1 °C) used for acquisition of
NMR spectra. While decomposition may have
been slowed at lower temperatures, the loss of
resolution was considered unacceptable and
the NMR assignments were therefore deter-
mined from spectra obtained for three differ-
ent sample preparations. Resonances
associated with the major product were read-
ily distinguished from those of 3%-sialyllactose
by their different intensities in NMR experi-
ments conducted at different times after the
sample had been dissolved.

Fig. 1 shows an HSQC spectrum acquired
within 3 h of the lactonization product being
dissolved in 2H2O. The assignments for the
Glc, b-Gal (H-1–H-4) and Neu5Ac (H-3a,3e–
H-6) residues were determined from COSY
and TOCSY spectra and confirmed by identi-

Fig. 1. Core region of the 600 MHz sensitivity-enhanced HSQC spectrum of the product obtained when 3%-sialyllactose was subject
to a standard lactonization procedure, recorded in 2H2O at 20.1 °C. The spectrum is shown in phase-sensitive mode after
processing with a p/2 shifted sine-bell in each dimension. Assignments: A, a-Glc; B, b-Glc; G, b-Gal; N, Neu5Ac; prefix L,
(1c�2b)-lactone; prefix l, (1c�4b)-lactone; prefix lac, lactose. The 1H 1D spectrum is shown above the contour plot with
assignments for anomeric protons, whose 2D correlations are outside of the region depicted.
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Table 1
1H NMR chemical shifts for 3%-sialyllactose (3%-SL) and its (1c�2b)-lactone

Residue and chemical shift (d)Assignment

b-Gal b-GlcNeu5Ac a-Glc

Lactone 3%-SL Lactone 3%-SL Lactone 3%-SL Lactone 3%-SL

4.84 4.531H-1 4.665 4.662 5.233 5.219
H-2 4.81 3.57 3.286 3.282 3.58 3.58
H-3 4.234 4.116 3.65 3.64 3.85 3.83

1.8001.766H-3a
2.648H-3e 2.758

3.69 4.155 3.96 3.76H-4 3.684.314 3.74 3.67
3.85 3.83 3.71 3.623.93 3.62H-5 3.97 3.96

3.60H-6 3.63 3.81 3.74 3.85 3.82 3.89 3.87
3.96 3.97

3.593.57H-7
3.69H-8 3.90

3.64H-9 3.65
3.873.81H-9%
2.030CH3 2.043

fying all long-range connectivities in an
HMBC experiment. The latter also led to the
identification of the signals due to b-Gal (H-5
and H-6,6%) and, through correlations from
both the Neu5Ac H-5 and CH3 protons to
each carbonyl carbon, assignment of the reso-
nances for the acetyl groups. Further, in both
starting material and product, the Neu5Ac
H-3 equatorial and axial protons were each
correlated with the quaternary carbon, C-2,
but only the axial protons showed three-bond
correlations to their respective C-1.

Resonances for the Neu5Ac CH2OH are
readily assigned from their distinctive 13C
chemical shift but the assignment of the re-
mainder of the side-chain must rely on het-
eronuclear experiments since TOCSY transfer
between the Neu5Ac ring (H-6) and side-chain
(H-7) is hindered by the small homonuclear
coupling (J=1.68 Hz [14]). For both 3%-sialyl-
lactose and the major product, a strong
HMBC correlation between H-5 and the 13C
frequency of one of the unassigned resonances
identified C-7 as there is no plausible hetero-
nuclear coupling pathway to C-8 [20]. Hetero-
nuclear RELAY [21] and HSQC-TOCSY
[22] experiments confirmed the side-chain
assignments.

Multiple-bond correlations confirmed the
glycosidic linkage for the lactose moiety in
both 3%-sialyllactose and the major product
but the strong correlation between the b-Gal
H-3 and Neu5Ac C-2 observed for 3%-sialyllac-
tose was not evident for the product. A model
of a-Neu5Ac-(2�3)-b-D-Galp-(1�4)-D-Glc-
(1c�2b)-lactone showed that a dihedral angle
of close to 90° might be expected for this
pathway (and for the pathway between the
b-Gal H-2 and Neu5Ac C-1) so that the fail-
ure to observe long-range C�H correlations,
even with delays as long as 120 ms for evolu-
tion of the coupling, is not unreasonable [20].
Nevertheless, the significant high frequency
shifts for b-Gal, H-1 and H-2, and Neu5Ac,
H-4, compared with 3%-sialyllactose (Table 1)
are similar to the changes observed on lac-
tonization of gangliosides GM3 [23], and
GM4 [24], while the low frequency shift for
b-Gal C-2 (Table 2) is consistent with the
change expected on esterification of a car-
boxylic acid [25]. Taken with the mass spectral
evidence, the data support the conclusion that
a -Neu5Ac-(2�3)-b -D-Galp - (1�4)-D-Glc-
(1c�2b)-lactone is the major product of the
reaction of 3%-sialyllactose with glacial acetic
acid. There are some discrepancies (as great as
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0.9 ppm for Neu5Ac, H-3eq) between the data
presented in Table 1 and published values
obtained at 300 MHz for a 2H2O solution of
the lactone [7]. Although these may in part be
attributable to differences in experimental
conditions, the compression of chemical shifts
evident in the 600 MHz spectrum shown in
Fig. 1 suggests that the greater dispersion and
contemporary heteronuclear experiments em-
ployed in the present work may be necessary
for the unambiguous assignment of the spec-
tra of such compounds.

Minor products.—The 1D spectrum in Fig.
1 shows resonances of considerably lower rela-
tive intensity at 4.451, 4.579, and 5.324 ppm.
Through COSY, TOCSY and HSQC experi-
ments on a sample which had been subject to
the lactonization conditions but in which only
traces of a-Neu5Ac-(2�3)-b-D-Galp-(1�4)-
D-Glc-(1c�2b)-lactone remained, the peaks
at 4.579 and 5.324 ppm were shown to be
linked as H-1 and H-4, respectively, of the
same molecule. The appreciable high-fre-
quency shift of H-4 (Table 3) is comparable

Table 2
13C NMR chemical shifts for 3%-sialyllactose (3%-SL) and its (1c�2b)-lactone

Assignment Residue and chemical shift (d)

b-GalNeu5Ac a-Glcb-Glc

Lactone 3%-SLLactone 3%-SL Lactone 3%-SL Lactonc 3%-SL

94.5598.4798.54105.29 94.52102.64176.30168.17C-1
73.83C-2 73.8399.92 102.31 76.94 72.07 76.56 76.49

42.17 42.23 77.63 78.15C-3 76.75 77.03 73.91 74.09
80.9481.4580.7981.1970.17C-4 68.9770.9670.20

54.20 54.35 78.45 77.84C-5 77.31 77.50 72.7872.62
62.50 62.73 62.38 62.59C-6 75.27 75.60 63.44 63.72

70.77C-7 70.08
C-8 72.87 74.35

65.3065.87C-9
24.7124.73CH3CO(CH3)

CH3CO(CO) 177.72 177.68

Table 3
NMR data for minor products

3%-Sialyllactose (1c�4b)-lactone a Lactose aAssignment

b-Galb-GalNeu5Ac

1H 13C 1H 13C 1H 13C

168.8CH-1 105.64.451104.64.579
CH-2 3.5998.3 73.73.54
CH-3 4.34 76.2 3.66 75.2
CH-3a 1.82 42.1

42.12.604CH-3e
5.324 75.1 3.93CH-4 71.24.31 70.3

CH-5 54.33.91
75.43.57CH-6

CH-7 70.03.57
CH-8
CH-9 3.61 65.9

3.81 65.9CH-9%

a Structures consistent with the partial data available but necessarily tentative.
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with chemical shifts observed for the b-Gal
H-4 of the Neu5Ac-(2�3)-b-D-Galp-(1�4)-
(1b�4a)-lactone unit of GM4 [24] and for
related synthetic intermediates [26,27]. By sim-
ilar arguments to those advanced above, the
majority of the 1H chemical shifts of a minor
Neu5Ac residue could be determined and were
found to differ from those of 3%-sialyllactose in
the same way as the Neu5Ac chemical shifts
of the GM4-(1b�4a)-lactone differed from
those of GM4 [24]. Although the relatively
low concentration did not permit its spectrum
to be fully assigned, the close similarity with
literature data suggests that the product giving
rise to the 1H resonances at 4.579 and 5.324
ppm should be tentatively designated as a-
Neu5Ac - (2�3) - b - D - Galp - (1�4) - D - Glc-
(1c�4b)-lactone.

From the same spectra used for characteri-
zation of the (1c�4b)-lactone, the 1H reso-
nance at d 4.451 was correlated with chemical
shifts (Table 3) which are in good agreement
with 1H [15] and 13C [28] literature data for
the b-Gal residue of lactose. Overlaying an
HSQC spectrum of this sample with that of an
authentic sample of lactose revealed that all
other correlations due to lactose were coinci-
dent with those of 3%-sialyllactose.

Stability of sialyllactose lactones.—Whereas
the major product, a-Neu5Ac-(2�3)-b-D-
Galp - (1�4) - D - Glc - (1c�2b) - lactone, was
hydrolysed in 2H2O at 20 °C to give 3%-sialyl-
lactose, the putative a-Neu5Ac-(2�
3)-b-D-Galp-(1�4)-D-Glc-(1c�4b)-lactone
appeared to be stable under the same condi-
tions. In the previous application [6,7] of the
lactonization as a step in the purification of
3%-sialyllactose, the product was obtained by
hydrolysis of the intermediate a-Neu5Ac-(2�
3)-b-D-Galp-(1�4)-D-Glc-(1c�2b)-lactone
with 0.1 M sodium hydroxide but the suscepti-
bility of the lactone to hydrolysis when dis-
solved in 2H2O was not specifically noted.
Nakahara and co-workers [26] described an a
-Neu5Ac-(2�3)-b-D-Galp-(1�4)-(1b�4a)-
lactone which was stable when heated in 2H2O
at 80 °C for 12 h but a similar compound [29]
decomposed fully in water at 25 °C in 2 h.
Accordingly, it appears that the susceptibility
of sialyllactose lactones to hydrolysis may be
very dependent on the presence of specific

substituents. Although the mild conditions
used for the lactonization would not normally
be associated with sialic acid release [30], the
production of lactose did not appear to in-
crease with decomposition of a-Neu5Ac-(2�
3)-b-D-Galp-(1�4)-D-Glc-(1c�2b)-lactone
and we assume that lactose was produced by
degradation of 3%-sialyllactose directly.

1. Experimental

Lactonization of 3 %-sialyllactose.—3%-Sialyl-
lactose (1 mg, Dextra Laboratories Ltd, Read-
ing, UK) was allowed to incubate in glacial
AcOH (500 mL) for 3 days at 20 °C [7].

Thin-layer chromatography (TLC).—A Sil-
ica Gel 60 plate (Art. 5553, E. Merck, Ger-
many) was used with 4:1 (v/v) n-pro-
panol–water [7], and detection effected by
spraying with 5% H2SO4–MeOH and heating
at 150 °C for 5 min [31].

Fast-atom bombardment mass spectrometry
(FABMS).—FABMS was performed on a
JEOL MS700 instrument in the negative ion
mode. The sample dissolved in a glycerol ma-
trix was loaded on the stainless steel target
and bombarded at a kinetic energy of 8 keV.

NMR experiments.—Samples were dis-
solved directly in 2H2O (99.96 atom % 2H)
containing a small amount of acetone as
chemical shift reference (1H, d 2.225; 13C, d
32.9) and all spectra were recorded with the
probe temperature set to 20.1 °C. The 1D 13C
spectrum was recorded on a Varian Unity
Plus-500 spectrometer and all other spectra on
a Bruker DRX-600 spectrometer with a 5 mm
triple-resonance inverse-detection xyz-gradi-
ent probe, employing standard Bruker pulse
sequences (XWIN-NMR version 2.5 or 2.6 [22]),
with no solvent presaturation, and coherence
selection using z axis gradients, except for
COSY experiments for which magic-angle gra-
dients [32] were employed to enhance the sup-
pression of the solvent resonance. All
chemical shifts of adequately resolved signals
were determined from 1D spectra and all
other chemical shifts from a gradient-selected
sensitivity-enhanced HSQC spectrum [33], op-
timised for 1JCH of 145 Hz, with WURST-40
decoupling [34] employing a 112-step phase
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cycle [35] during acquisition. TOCSY spectra
were recorded with mixing times of 28–150
ms with the spin-lock field strength adjusted
for a 90° pulse-length of 29–30 ms, the HSQC-
TOCSY experiment with a mixing time of 28
ms, and HMBC spectra with delays of 80 and
120 ms for evolution of long-range 13C–1H
couplings. Except for the HMBC and HMQC-
RELAY experiments, all spectra were
recorded in phase-sensitive mode.
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