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Abstract

Lactococcus lactis subsp. cremoris B891 grown on whey permeate produced an exopolysaccharide containing D-Gal
and D-Glc in a molar ratio of 2:3. The polysaccharide was partially O-acetylated. By means of HF solvolysis,
O-deacetylation, enzymic modification, sugar linkage analysis and 1D/2D NMR studies the exopolysaccharide was
shown to be composed of repeating units with the following structure:
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1. Introduction

Over the past 20 years, the food industry
has developed an enormous range of conve-
nience foods, but it is believed that the scien-
tific understanding of the roles of hydro-
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colloids used has not kept pace adequately
with innovations and changes in technology
[1]. To be able to produce tailor-made
polysaccharides for food applications, it is a
prerequisite to know the influence of the
chemical structure on the physical properties.
Extracellular polysaccharides (EPSs) fre-
quently consist of repeating units [2] and these
regular structures make them very suitable for
structure—function studies.
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In the last decade, the heteropolysaccha-
rides of lactic acid bacteria have received con-
siderable attention in view of their potential
application as replacers of presently applied
thickeners [3]. EPSs may also represent safe
additives for novel food formulations because
of their contribution to the peculiar rheology
and texture of milk-derived products [2]. As a
first step in structure—function studies, the
chemical structures of several EPSs produced
by lactic acid bacteria have been elucidated.
For Lactococcus lactis subsp. cremoris, the
investigated strains include H414 [4], SBT0495
[5], LC330 [6], B40 [7.,8], and B39 [9].

Here, we report the structural analysis of
the exopolysaccharide produced by L. lactis
subsp. cremoris B891.

2. Experimental

Production, isolation and purification of
EPS.—The production and isolation of EPS
from L. lactis subsp. cremoris B891 was per-
formed as described for EPS B40 [10] and the
crude EPS was kindly supplied by NIZO food
research (Ede, The Netherlands). The crude
material was purified as described before [9].

O-deacetylation of the native polysaccha-
ride.—The native EPS (I mg/mL) was O-
deacetylated by treatment with 5% NH,OH at
room temperature (rt) for 8 h [11]. The O-
deacetylated EPS was recovered by freeze
drying.

Enzyme preparation.—The commercial en-
zyme preparation Pectinex Ultra SP-L pro-
duced by Aspergillus aculeatus (Novo Nordisk
Ferment AG, Dittingen, Switzerland) was
used to modify O-deacetylated EPS B89I.

Enzymic modification of the O-deacetylated
EPS.—In the search for enzymes that are able
to modify O-deacetylated EPS B891, partially
purified EPS B891 was O-deacetylated. The
resulting polymer (0.5 mL, 2 mg/mL in 50
mM NaOAc pH 5.0) was incubated (24 h,
30 °C) with 50 pL Ultra SP, which was di-
alysed against the same buffer. After incuba-
tion, the enzymes were inactivated (15 min,
100 °C) and the precipitate formed was re-
moved by centrifugation. The supernatant was
used to analyse the released monosaccharides

and to determine the hydrodynamic volume of
the remaining polymer. To obtain sufficient
amounts of enzymically modified EPS B8§91
for sugar linkage analysis and NMR analysis,
purified and O-deacetylated EPS B891 (10 mg)
was dissolved in 50 mM NaOAc buffer pH 5.0
(5 mL). Ultra SP (1 mL) was dialysed against
the same buffer and diluted to ca. 4 mL. The
EPS solution was incubated (24 h, 30 °C) with
0.5 mL enzyme solution and subsequently
heated (15 min, 100 °C). After centrifugation,
the supernatant was dialysed against distilled
water and freeze-dried for further analysis.

Partial HF solvolysis.—The solvolysis of
EPS B891 with anhydrous liquid HF was per-
formed according to Mort [12] at the Depart-
ment of  Plant Biochemistry and
Biotechnology, Wesfilische Wilhelms-Univer-
sitit Minster, Germany. The polysaccharide
was partially solvolysed with HF in two
batches. Therefore, freeze-dried polysaccha-
ride (ca. 40 mg per batch) was treated with
anhydrous, liquid HF (ca. 0.5 mL) for 30 min
at —40°C. To stop the reaction, 25 mL of
ether, precooled with dry ice, was added. Af-
ter the ether— HF mixture had warmed to rt, it
was filtered through a Teflon filter using N,
pressure. The precipitate was washed with
more ether to remove any residual HF and
then dried under vacuum. Finally, the precipi-
tate was dissolved in distilled water and
freeze-dried. The effect of the solvolysis was
evaluated by high-performance anion-ex-
change chromatography (HPAEC) and ma-
trix-assisted laser desorption ionisation time
of flight mass spectrometry (MALDI-TOF
MS) analysis.

Partial purification of oligosaccharides ob-
tained by HF  solvolysis.—Freeze-dried
oligosaccharides of EPS B891 (47 mg) were
dissolved in distilled water (0.5 mL) and cen-
trifuged. The supernatant was applied onto a
Bio-Gel P-2 column (84 x 0.65 c¢cm i.d., Bio-
Rad Laboratories, Richmond, CA) and elu-
tion with distilled water (0.5 mL/min) was
performed at 60 °C. The refractive index was
monitored on-line (Shodex RI-72 detector)
and relevant fractions (RI-signal) were
analysed for their oligomeric content by
HPAEC and MALDI-TOF MS.
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Sugar (linkage) composition.—The sugar
(linkage) composition and the absolute configu-
rations of the monosaccharides were deter-
mined as described before for EPS B39 [9].

Monosaccharide release.—The release of
monomers caused by enzymic hydrolysis of
EPS B891 was verified by HPAEC, which was
performed as described earlier [7].

Hydrodynamic volume of the polysaccha-
rides.— High-performance size-exclusion chro-
matography (HPSEC) was performed as has
been described earlier [7,8].

Oligosaccharide release.—The release of
oligomers caused by solvolysis of EPS B&91
using HF was examined by two methods: (I) the
reaction product was analysed using the
HPAEC equipment as described earlier [7].
After equilibration with 20 mM NaOAc in 100
mM NaOH, a 20 pL sample was injected and
the elution program was started: 0 — 35 min,
linear gradient of 20 - 50 mM NaOAc in 100
mM NaOH; 35 — 50 min, linear gradient of 50
mM —1 M NaOAc in 0.1 M NaOH; 50— 55
min, 1 M NaOAc in 0.1 M NaOH isocratic,
followed by re-equilibration (55— 70 min, 20
mM NaOAc in 100 mM NaOH isocratic). (II)
The reaction product was analysed by MALDI-
TOF MS as described earlier [8].

NMR spectroscopy.—Samples were
analysed by NMR spectroscopy at probe tem-
peratures of 80 °C (polysaccharides) or 27 °C
(oligosaccharides) as described for EPS B39 [9].

Table 1

Sugar linkages of native EPS B891 (1), O-deacetylated EPS
B891 (2) and enzymically modified O-deacetylated EPS B§91
(3) a

Derivative Linkage type ® Molar ratio ©

1 2 3
2,3,4,6-Gal ¢ t-Gal 1.0 0.9
2,3,6-Gal 1,4-Gal 0.5 0.5 0.5
2,3,4,6-Glc t-Glc 1.2
2,3,6-Glc 1,4-Glc 2.1 2.1 1.2
2,3-Glc 1,4,6-Glc 1.0 1.0 1.0

2 It should be kept in mind that the acetyl groups in 1 were
removed during the procedure due to alkaline conditions.

® According to NMR experiments (vide infra) all glycosyl
residues are in the pyranose ring form.

¢1,4,6-Glc was taken as 1.0.

4 1,5-di-O-Acetyl-2,3,4,6-tetra-O-methyl-galactitol-1-d, etc.

3. Results

Isolation, purification and chemical character-
isation of EPS B891.—Crude EPS produced by
L. lactis subsp. cremoris B§891 was purified by
CCl,CO,H extraction and EtOH precipitation,
followed by size-exclusion chromatography on
Sephacryl S-500. The purification step using
CCl,CO,H and EtOH removed most of the
proteins present in the crude EPS, while size-ex-
clusion chromatography successfully removed
a mannan population and remnants of protein.
The mannan population is believed to originate
from the yeast extract in the growth medium,
as has been reported before [13]. The popula-
tion was absent when EPS B891 was produced
on a chemically defined medium [14] without
yeast extract.

Sugar composition analysis of purified, na-
tive EPS B891 (1) and determination of abso-
lute configurations revealed the presence of
D-Gal and D-Glc in a molar ratio of 2.0:3.0.
Sugar linkage analysis of 1 showed the presence
of terminally-linked galactose, 4-substituted
galactose, 4-substituted glucose, and 4,6-disub-
stituted glucose (Table 1). According to the
results of NMR experiments (vide infra) and
sugar linkage analysis before and after enzymic
modification of EPS B891 (vide infra), all
hexose residues are in the pyranose ring form.

O-deacetylation and enzymic modification of
EPS B891.—Treatment of EPS B891 with 5%
NH,OH at rt resulted in complete O-deacetyla-
tion, as determined by NMR spectroscopy
(vide infra). After incubation of O-deacetylated
EPS B891 with Ultra SP, analysis by HPAEC
showed that monomeric galactose had been
released. The hydrodynamic volume of the
enzymically modified EPS (3) had only been
decreased slightly compared with O-deacety-
lated EPS (2) (HPSEC). After enzymic modifi-
cation, sugar linkage analysis (Table 1) showed
the disappearance of terminally-linked galac-
tose and a decrease of 4-substituted glucose,
while a new type of sugar linkage, terminally-
linked glucose, appeared. Consequently, termi-
nally-linked galactose 1is attached to a
4-substituted glucose residue and the branches,
attached to the backbone of EPS B891, contain
at least two sugar residues.
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Table 2

'H NMR chemical shifts # of O-deacetylated EPS B891 (2) recorded in D,O at 80 °C

Residue H-1 H-2 H-3 H-4 H-5 H-6a H-6b
A (1,4,6-0-D-Glcp) 4.948 3.63 3.87 3.75 4.364 4.18 3.98
B (1,4-B-D-Glcp) 4.608 3.39 3.69 3.67 3.63 3.99 3.84
C (1,4-B-D-Glcp) 4.531 3.40 3.68 3.65 3.60 3.98 3.82
D (1,4-B-p-Galp) 4.515 3.60 3.75 4.053 3.79 3.92 3.85
E (¢-B-D-Galp) 4.463 3.57 3.67 3.95 3.73 3.81 3.77

2 In ppm relative to the signal of acetone at ¢ 2.225.

ID NMR spectroscopy.—The 'H NMR
spectra of native EPS (1), O-deacetylated EPS
(2) and enzymically modified O-deacetylated
EPS (3) are shown in Fig. 1. In native EPS,
the signal at o0 2.162 was assigned to the
protons of an acetyl group. Based on the
intensities of the relevant signals in the spec-
trum, the extent of O-acetylation of native
EPS was determined to be 50%. Because of
O-acetylation, the spectrum of native EPS (1)
was more complex and showed less resolution
than the spectra of (enzymically modified) O-
deacetylated EPS (2 and 3). Therefore, the
latter polysaccharides were used to solve the
chemical structure of the repeating units, leav-
ing the acetyl groups out of consideration for
the moment. The '"H NMR spectrum of 2
(Fig. 1) showed five signals in the anomeric
region (6 5.0-4.4), corresponding to a pen-
tasaccharide repeating unit. The five monosac-
charide units were labelled A—E. The coupling
constant of the anomeric signal of residue A
(*J,, 3.51) indicates the presence of an o-
linked residue, whereas the coupling constants
of the anomeric signals of residues B-E (*J,,
7.3-7.8) suggest four B-linked residues. In the
'"H NMR spectrum of enzymically modified
O-deacetylated EPS (3) (Fig. 1), the anomeric
signal of residue E (6 4.463) disappeared al-
most completely, and based on the results of
the sugar linkage analysis this residue was
assigned to terminally-linked galactose. Since
the chemical shift of C* H-1 in 3 shifted
upfield relative to C H-1 in 2, residue C was
assigned to the 4-substituted glucose, which
changed into terminally-linked glucose
(residue C*) upon enzymic modification.

The "*C NMR spectrum (not shown) of
native EPS B891 (1) did not contain signals

typical for the carbon atoms of an acetyl
group, probably because of the instability of
acetyl groups at 80 °C (vide infra). The "*C
NMR spectrum (not shown) of O-deacety-
lated EPS B891 (2) is in agreement with the
suggested pentasaccharide repeating unit,
since five signals were observed in the
anomeric region (6 110-95). Based on their
chemical shifts, the C-1 signal at 6 101.2 was
assigned to the a-hexopyranosyl residue (A),
while the other anomeric signals (0 104.6,
104.4, 103.8, 103.6) were assigned to four B-
hexopyranosyl residues. The resonances at ¢
62.4, 61.9 and 61.7 were assigned to hydroxy-
methyl carbons (unsubstituted C-6) of hexo-
pyranosyl residues, and one of these signals
represents two carbons (vide infra). The signal
at 0 68.9 was assigned to C-6 of the 4,6-
disubstituted hexopyranosyl residue.

2D NMR spectroscopy of O-deacetylated
EPS B891 (2).—By means of 2D COSY,
TOCSY, and NOESY experiments, the 'H
chemical shifts of 2 (Table 2) were assigned.
Taking the sugar (linkage) composition into
account, the complete series of cross-peaks on
the H-1 track of residues A, B, and C in the
TOCSY spectrum (Fig. 2) together with the
chemical shifts of A H-4, B H-4 and C H-4
indicate that these residues are glucosyl
residues. For residues D and E, the H-1 tracks
in the TOCSY spectrum showed cross-peaks
to H-2, 3, 4 of the corresponding residue.
Together with the typical chemical shifts of D
H-4 and E H-4, this indicates that these
residues are galactosyl residues. The H-5
chemical shifts of residues D and E were
found via connectivities with H-4 in the
COSY spectrum (not shown), and the H-5
assignment of residue E could be confirmed
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Fig. 1. 500-MHz 'H NMR spectra of native EPS B891 (1) (a), O-deacetylated EPS B891 (2) (b), and enzymically modified
O-deacetylated EPS B891 (3) (c), recorded in D,O at 80 °C. The labelling of sugar residues in (a) is the same as in (b), and the
signals of sugar residues, which were shifted because of the presence of an acetyl group, were labelled (#). For native EPS B891,
the approximate relative amount of acetyl groups present (100% = 1) is given between brackets.
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via the H-4 track in the TOCSY spectrum
(not indicated in Fig. 2). The assignments of
H-6a,6b from residues D and E were based on
correlations with the corresponding H-5 in
both COSY and TOCSY spectra, although for
residue E no precise values could be given due
to overlap. For this residue, the H-6a,6b
chemical shifts were derived from HMQC
measurements. The anomeric configuration
was confirmed for all residues by intraresidual

interactions in the NOESY spectrum (not
shown).

Using the assignment of the 'H signals,
almost all "*C resonances could be assigned as
well by means of HMQC and HMBC experi-
ments (Table 3). In conjunction with the sugar
linkage composition, the relative downfield
chemical shifts of A C-4 (Ad 9.4), A C-6 (Ao
7.3), B C-4 (Ao 9.7), C C-4 (Ao 9.8), and D
C-4 (Ao 9.3) compared with the '*C chemical
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Fig. 2. 500-MHz 2D TOCSY spectrum, (mixing time = 140 ms) of O-deacetylated EPS B891 (2) recorded in D,O at 80 °C.
Diagonal peaks of the anomeric protons of H-5 and H-6a of residue A, and of H-4 of residue D are indicated. Cross-peaks
belonging to the same scalar-coupling network are indicated near a dotted line starting from the corresponding diagonal peak.
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Table 3

13C NMR chemical shifts # of O-deacetylated EPS B891 (2) recorded in D,O at 80 °C, as determined from 1D !3C and 2D 'H 3C

HMQC and HMBC experiments

Residue C-1 c2 C-3 c-4 c-s c-6
A (1,4,6-0-D-Glcp) 101.2 73.1 72.8 80.0 71.2 68.9
B (1,4-B-D-Glep) 103.6 74.5 nd.® 80.3 76.2 61.9
C (1,4-B-D-Glcp) 103.8 74.4 75.9 80.4 76.2 61.9
D (1,4-B-D-Galp) 104.6 72.5 73.8 79.0 76.8 61.7
E (¢-B-D-Galp) 104.4 72.6 74.2 70.1 76.7 62.4

2 In ppm relative to the signal of acetone at ¢ 31.55.
® Not determined.

shifts of the corresponding methyl aldosides
[15] demonstrate that residue A is 4,6-disubsti-
tuted and residues B, C and D are 4-substi-
tuted. The 'Jo, 4., values of 171 Hz for
residue A and 162-164 Hz for residues B—E
agree with the o-configuration for residue A
and the B-configuration for all other residues.

The complete monosaccharide sequence of
EPS B891 was determined via sugar linkage
analysis after enzymic modification (vide
supra), 2D HMBC spectra and 2D NOESY
analysis. The results of the enzymic modifica-
tion of EPS B891 already showed that residue
E was linked to position 4 of residue C. This
information appeared to be important for the
correct sequence of the sugar residues within
the repeating unit of EPS B89I1, since the
chemical shifts of residues B and C are very
alike. In the NOESY spectrum (not shown),
no interresidual connectivities were found
with E H-1, but the HMBC spectrum (Fig. 3)
showed cross-peaks between E C-1 and C H-4
and between C C-4 and E H-1. The C(1 - 6)A
sequence was suggested by correlations be-
tween C H-1 and A H-6a,6b in the NOESY
spectrum and by the cross-peak between A
C-6 and C H-1 in the HMBC spectrum. Inter-
residual connectivities in the NOESY spec-
trum between A H-1 and D H-4,5,6a,6b
indicate the A —-D sequence. This was con-
firmed by the D C-4, A H-1 cross-peak in the
HMBC spectrum. Due to overlap in the
NOESY spectrum, the D H-1, B H-4 cross-
peak could only be assigned tentatively. How-
ever, the HMBC spectrum showed a
cross-peak between B C-4 and D H-1, suggest-
ing the D(1 - 4)B linkage. The B(1 >4)A se-

quence was suggested by a strong interresidual
cross-peak between B H-1 and A H-4 in the
NOESY spectrum and this sequence was
proven by B C-1, A H-4 and A C-4, B H-1
correlations in the HMBC spectrum.

The combined results from chemical, en-
zymic and NMR studies have demonstrated
that O-deacetylated EPS B891 is composed of
pentasaccharide repeating units with structure
2 as is shown in Fig. 1.

NMR spectroscopy of EPS B891 (1).—1D
and 2D NMR experiments were performed on
native EPS B891 (1) in order to locate the
acetyl group within the repeating unit. Since 1
was only partially O-acetylated, the spectra
were expected to contain signals of both O-
acetylated and non-O-acetylated repeating
units. Thus, the assignments of chemical shifts
of 2 could be used to interpret the spectra of
1. ID '"H NMR spectra of 1 and 2 (Fig. 1)
showed changes in signal intensities in the
anomeric region (0 5.0-4.4): 2: A H-1: B H-1:
[C H-1+D H-1]: E H-1 = 1:1:2:1, whereas 1:
A H-1: BH-1: [C* H-6 + CH-1+ C* H-1+
D H-1]: E H-1: E# H-1=1:1:2.5:0.4:0.7. Sig-
nals of sugar residues, which were shifted
because of the presence of an acetyl group,
were labelled (7). In the 'H spectrum of 1, the
signal at ¢ 4.410 was assigned to the anomeric
proton of sugar residue E#. This assignment
was based on the observation that the COSY
and TOCSY (both not shown) correlation
patterns of residue E# in 1 were similar (but
shifted) to the corresponding patterns of
residue E. Furthermore, addition of the 1D
signal intensities of E H-1 and E#* H-1 re-
sulted in a ratio of 1 compared with the other
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anomeric proton signals. The series of signals
in the anomeric region of 1 with a total inten-
sity of 2.5 was more difficult to unravel. How-
ever, strong indications were found in the
COSY and TOCSY spectra of 1 (both not
shown) that the chemical shifts of the protons
of residue C shifted upon O-acetylation. Since
the largest downfield shift was found for C#
H-6a,6b (signal C#* H-6a appearing in the
anomeric region), EPS B891 is probably par-
tially O-acetylated at C-6 of the glucosyl
residue in the branches of the repeating unit
(residue C#). In the NOESY spectrum of 1
(not shown), the CH,; protons of the acetyl
group had no cross-peaks with other protons.
To prove the position of the acetyl group, a
HMBC spectrum of 1 was recorded. However,
in this spectrum (not shown) the expected
multiple bond correlation between the C=0O
carbon of the acetyl group and the proton

W.H.M. van Casteren et al. / Carbohydrate Research 327 (2000) 411-422

attached to the O-acetylated carbon could not
be found. This was probably because 1 was
only partially O-acetylated and because the
acetyl groups appeared to be unstable at 80 °C;
during the NMR measurements the degree of
O-acetylation decreased from ca. 50% to ca.
20%. Performing measurements at higher con-
centrations or at lower temperature was no
option because the sample viscosity would lead
to considerable broadening of the signals. To
overcome this problem, EPS B891 was par-
tially solvolysed and the largest oligomers ob-
tained were analysed by NMR.

HF solvolysis of EPS B891.—From work
with other polysaccharides [16—18], the solvol-
ysis of EPS B891 with liquid HF was expected
to produce O-acetylated oligosaccharides use-
ful to locate the acyl substituents. Especially
the presence of only one o-linked sugar

ppm
o o -2 “ * anm "62
64
66
A6,C1 ~ 68
g L
o' ‘' QPa @ o —~70
A5,Ale. ) - I
A3 Al e @ . Fe0%AQ, h ."72
+ E3,El e [N o om0 - 74
S Wp %o -—76
*E5,El = Ve Se
D4,Al - 78
A4,B1.+.B4,D1 .
> oo @ . o 80
C4,E1 = ) 3
82
|_ppm
% () Bl’é‘& E1,C4 I
() [ ) ° 0% Vg 104
E1ES ' -
""" I o I b AR | AR | | AR | AR | b LA T b | I i A T I T 106
51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 ppm

Fig. 3. 500-MHz 2D 'H-'*C undecoupled HMBC spectrum (delay time between the first proton pulse and the first carbon
pulse = 60 ms) of O-deacetylated EPS B891 (2) recorded in D,O at 80 °C. The code B1,A4 corresponds to a long-range coupling
between B C-1 and A H-4, etc.
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residue and its position in the backbone of the
repeating unit of EPS B891 was expected to be
in favour of the release of the repeating unit,
since preferential cleavage of a- over B-linkages
in HF has been noted previously [16,17]. There-
fore, EPS B891 was treated with liquid HF and
the obtained reaction product was analysed for
the presence of oligomers. The HPAEC chro-
matogram (not shown) demonstrated the re-
lease of several oligosaccharides but since the
retention time of oligosaccharides depends not
only on the type and amount of sugar residues
but also on the position of glycosidic linkages
and on the overall conformational structure
[19], no information was obtained about the
identity of the oligomeric structures. Further
analysis of the reaction product by MALDI-
TOF MS confirmed the presence of oligomers.
In fact, the series of signals in the spectrum
(Fig. 4) indicated the presence of non-, mono-
and di-O-acetylated oligosaccharides. The
mono-O-acetylated pentahexosyl fluoride (so-
diated, mass = 895.5) had the highest accumu-
lated intensity and probably corresponds to the
repeating unit of EPS B891. Attempted purifi-
cation of the repeating unit from the HF
reaction products on Bio-Gel P-2 resulted in
the elution pattern shown in Fig. 5. Analysis of
the fractions by HPAEC and MALDI-TOF

MS (not shown) indicated that all oligomers
were purified only partially. Since the presence
of (non)reducing ends in a mixture of
oligomers complicate NMR spectra, the frac-
tions containing the largest oligomers (degree
of polymerisation > 6) were pooled for NMR
analysis. To prove the multiple-bond correla-
tion(s) between the C=0O carbon of the acetyl
group with the proton(s) attached to the O-
acetylated carbon, a 2D HMBC spectrum of
this pool was recorded. As expected, cross-
2peaks were found (not shown) at '"H § 4.53;
BC ¢ 175.3 and 'H 6 4.35; 13C 6 175.3, proving
that the acetyl group is indeed located at C-6

Refractive index

100 150 200 250 300 350
Elution volume (mL)

Fig. 5. Elution pattern on Bio-Gel P-2 of the oligosaccharides
produced by treatment of EPS B891 in liquid HF for 30 min
at —40°C. The oligomers pooled for NMR analyses are
indicated.
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of sugar residue C#. Thus, the combined re-
sults from the analyses on O-(de)acetylated EPS
B891 prove the chemical structure of the repeat-
ing unit of native EPS B891 (1) as is shown in
Fig. 1.

4. Discussion

The chemical structure of EPS from L. lactis
subsp. cremoris B891 was elucidated (Fig. 1(a)).
As many other microbial polysaccharides, the
EPS appeared to be O-acetylated. In native EPS
B891, the acetyl groups were found in a non-
stoichiometric ratio relative to the monosaccha-
rides present. It has been mentioned before [11]
that during the isolation and purification proce-
dure of native EPS partial O-deacetylation may
have occurred. Furthermore, it is possible that
EPS contains acetyl substituents on alternate
repeating units or more randomly distributed
[20]. Since esterase activities capable of remov-
ing these substituents from exopolysaccharides
have not been demonstrated [21] until very
recently [22], EPS B891 was O-deacetylated
using alkali and the chemical structure of the
resulting polysaccharide was characterised.

Sugar linkage analysis of polysaccharides 1,
2 and 3 did not provide a stoichiometric ratio
of 4-substituted galactose to 4,6-disubstituted
glucose (50% of theoretical, Table 1). These
results were reproducible and there were no
signals pointing towards undermethylation.
Since base-catalysed O-acetylation has been
shown to be not quantitative for all partially
methylated alditols because of borate complex-
ing [23], the partially methylated hydrolysate of
EPS B891 was also O-acetylated under acid-
catalysed conditions based on the method de-
scribed by Harris et al. [23]. After
acid-catalysed O-acetylation, the ratio of 4-sub-
stituted galactose to 4,6-disubstituted glucose
appeared to be stoichiometric, although this
time the amount of terminally-linked galactose
was underestimated.

In order to prove the location of the acetyl
group within the repeating unit, it was neces-
sary to produce oligomers that could be
analysed by NMR spectroscopy at low temper-
ature and high concentration. Since the screen-
ing of enzymes on O-acetylated EPS B891 did

not result in any endo-activity (unpublished
results), oligomers were produced by solvolysis
using HF. From the basic structure of EPS
B891 and the behaviour of various polysaccha-
rides in HF, a single cleavage was expected to
occur at the a-linkage within the repeating unit.
According to the analysis of the HF reaction
product by MALDI-TOF MS, the solvolysis
was not that selective, since not only single
repeating units (and multimers of the repeating
unit) were released. In the '"H NMR spectrum
of the pooled oligomers obtained after HF
solvolysis (not shown), the signal of the
anomeric proton of the a-linked sugar residue
decreased drastically and a new doublet, prob-
ably a-glucosyl fluoride [18] based on J, i 52.6
Hz, was centred at ¢ 5.69. Furthermore, the RI
signal of the separation of oligomers on Bio-Gel
P-2 (Fig. 5) combined with the MALDI-TOF
MS spectra of the obtained fractions (not
shown) proved that the reaction product of HF
solvolysis contained a lot of oligosaccharides
with degree of polymerisation < 4. These re-
sults indicate that the HF solvolysis was rather
selective, but that 30 min in liquid HF probably
was too long and led to increased undesired
cleavage of B-linkages. Nevertheless, the loca-
tion of the acetyl group was proven by record-
ing a 2D HMBC spectrum of the pooled
oligomers. The approach for locating acetyl
groups by measuring HMBC spectra has been
described earlier for polysaccharides from fibre
flax [24]. In EPS B891, the acetyl groups were
present at the C-6 position of the 4-substituted
glucosyl residues in the branches of the repeat-
ing units. The chemical shifts of the protons
attached to the O-acetylated carbon were mea-
sured to be 4.53 and 4.35 ppm. These values are
similar to the chemical shifts reported for the
protons at the O-acetylated C-6 of a 4-substi-
tuted glucosyl residue in xyloglucan oligomers:
4.60 and 4.30 ppm [25]. Moreover, the effect of
O-acetylation on the protons attached to the
carbon, which bears the O-acetyl group in EPS
B891 correspond to the observed shifts for the
protons at the O-acetylated primary carbon
(C-9) of sialic acid (0.5-0.6 ppm), which are
lower than the observed shifts for the protons
at the O-acetylated secondary carbons of sialic
acid (1-1.5 ppm) [26].
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Knowing the chemical structure of native
EPS B891, most masses in the MALDI-TOF
MS spectrum of the HF reaction product (Fig.
4) can be explained. However, the presence of
masses corresponding to (four hexoses + two
acetyl groups) and (five hexoses 4+ two acetyl
groups) indicates that the O-acetylation pat-
tern has minor variants. Similar results have
been reported before for gellan gum oligomers
obtained by treatment in liquid HF [27]. Since
the NMR spectra of native EPS B891 showed
the presence of only one acetyl group, no
further attention was paid to the unexpected
masses in the MALDI-TOF MS spectrum of
the HF reaction product.

The exact chemical structure of the repeat-
ing unit of EPS B891 can be represented in
different ways. For the representation, data
from the biosynthesis of the repeating unit by
L. lactis subsp. cremoris B891 are taken into
account. According to the results of van
Kranenburg et al. [28], who demonstrated a
glucosyltransferase linking glucose to the lipid
carrier and a galactosyltransferase linking
galactose to the lipid-linked glucose, the first
two sugar residues synthesised for the repeat-
ing unit of B891 form lactose. These results
led to the representation of the repeating unit
of EPS B891 as is shown in Fig. 1(a).

As a first step in studying the structure—
function relationship of exopolysaccharides by
using EPS B891, the chemical structure was
elucidated. Since the presence or absence of an
acetyl group on each repeating unit can
greatly alter the properties of a number of
exopolysaccharides [29], comparison of the
physical properties of O-acetylated and O-
deacetylated EPS B891 would be very interest-
ing. Likewise, additional physical analysis of
enzymically modified O-deacetylated EPS
B891 could give information about the influ-
ence of the presence or absence of the termi-
nally-linked galactosyl residue in the branches
of the repeating units.

To our knowledge, the chemical structure of
EPS B891 has not been reported before for
EPS produced by L. lactis subsp. cremoris or
other lactic acid bacteria. Yet, the chemical
structure of the branches of O-deacetylated
EPS B891 are identical to the branches re-
ported for EPS B39 [9]. This is reflected by the

fact that the enzyme preparation Ultra SP is
able to release galactose from both EPS B39
[9] and O-deacetylated EPS B891 (this re-
search). Work on the purification and charac-
terisation of the P-galactosidase responsible
for the applied modification of both EPSs is in
progress.
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