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Abstract

It has been discovered that deacetylation of the bacterial polysaccharide acetan promotes
synergistic interactions with either locust bean gum (LBG) or konjac mannan (KM). Acetan is
similar in structure to xanthan, and adopts a similar 5-fold conformation in the solid state.
Like xanthan, it shows a thermally reversible order (helix)-disorder (coil) transition in
solution. Both polymers have a cellulosic backbone with charged (anionic) sidechains
attached at O-3 of alternate glucosyl residues, but the sidechains in acetan are longer
(pentasaccharide rather than trisaccharide) and do not contain pyruvic substituents. Acetan has
two sites of acetylation, one at O-6 of the inner mannosyl residue of the carbohydrate
sidechains (as in xanthan) and the other on the polymer backbone (believed to be at O-6 of
the branched glucosyl residues). Solutions of acetan or deacetylated acetan were equilibrated
against 10 mM potassium chloride (to stabilise the ordered conformation) and were mixed (at
25 °C) with solutions of LBG or KM, also equilibrated against 10 mM potassium chloride.
Unlike xanthan, native acetan showed no evidence of synergistic interaction with either LBG
or KM. After deacetylation, however, large enhancements were observed in dilute-solution
viscosity, and thermoreversible gels were formed at higher concentrations. With KM as
co-synergist, gel melting was accompanied by an intense endotherm in differential scanning
calorimetry. The magnitude of this endotherm increased with storage time at 25 °C, reaching
a final value of AH = 15.9 J/g (in comparison with AH = 5.0 J /g for the order—disorder
transition of deacetylated acetan alone). It is suggested that interaction occurs by formation of
heterotypic junctions between the acetan backbone and unsubstituted regions of the plant
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polysaccharide, and that the acetate groups on native acetan promote solubility and hence

inhibit association. © 1998 Elsevier Science Ltd.
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1. Introduction

Certain binary mixtures of polysaccharides exhibit
unusual and often unexpected synergistic interactions
[1]. There may be an unexpected increase in viscos-
ity, the gelling ability of one component may be
enhanced, or the mixture may gel under conditions
where the individual components are non-gelling.
Striking examples of the latter behaviour occur when
the bacterial polysaccharide xanthan gum is mixed
with certain plant galactomannans or glucomannans
[1,2]. There is convincing evidence that the synergis-
tic gelation of xanthan occurs by direct binding to the
co-synergist, rather than by thermodynamic incom-
patibility. In particular, studies by gel permeation
chromatography have shown co-elution of complexes
of xanthan and locust bean gum (LBG) at a retention
time substantially different from that of the galac-
tomannan alone [3]. With the glucomannan konjac
mannan (KM) as co-synergist, the most direct evi-
dence of binding is the appearance of intense DSC
(differential scanning calorimetry) transitions coinci-
dent with the formation and melting of the mixed gel
[4]. Xanthan also shows massive increases in viscos-
ity and the development of gel-like properties when
mixed with LBG or KM in very dilute solution,
where exclusion effects are likely to be negligible
[5-7]. The nature of the interaction, however, is still
controversial.

At high temperature and low ionic strength xan-
than exists in solution as a disordered coil, but on
cooling and /or on addition of salt it converts into an
extended, ordered conformation [8]. The ordered
structure has been identified as a 5-fold helix by
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X-ray fibre diffraction in the solid state [9,10], al-
though it has not yet been established whether the
helix is single-stranded or double-stranded. The xan-
than disorder—order transition persists in the presence
of galactomannans, prompting the initial suggestion
[11,12] that synergistic gelation occurs by binding of
‘smooth’ regions of the mannan chain (i.e., without
galactose substituents) to the surface of the 5-fold
helix. More recently, however, it has been found that
X-ray diffraction patterns obtained from oriented fi-
bres prepared from synergistic gels of xanthan with
certain galactomannans or with KM are new patterns,
and not simple sums of the diffraction patterns of the
component polysaccharides [13—15]. This evidence
has been interpreted in terms of the formation of
heterotypic junction zones in which the xanthan he-
lices are denatured, and the backbone of the galac-
tomannan or the glucomannan binds directly to the
backbone of the xanthan molecule, with both con-
stituents in, or close to, the 2, (cellulosic) conforma-
tion of the (1 — 4)-diequatorially linked chains. An
attractive feature of this proposal is the strong stereo-
chemical similarity between the cellulosic backbone
of xanthan, the mannan backbone of the galactoman-
nans, and the mixed backbone of KM. Molecular
modelling studies [16] have shown that denatured
xanthan can adopt a stereochemical structure compat-
ible with such proposed interactions.

Acetan is a new bacterial polysaccharide with a
chemical structure [17,18] very similar (Fig. 1) to that
of xanthan gum [19,20]. Both polysaccharides pos-
sess cellulosic backbones solubilised by substitution
of charged sidechains on alternate glucosyl residues.
Xanthan contains a trisaccharide sidechain and acetan

1. R= B-D-Manp-(1-4)-B-D-GlepA-(1 — 2)-o-D-Manp-(1 —

2. R = o-L-Rhap-(1 - 6)-B-D-Glep-(1 - 6)-0.-D-Glep-(1 — 4)-B-D-GlepA~(1 — 2)-o-D-Manp-(1 —

Fig. 1. Primary structure of (1) xanthan and (2) acetan. Both polymers are acetylated at O-6 of the mannosyl residue
adjacent to the cellulosic backbone. Xanthan has 4,6-linked pyruvic ketal groups on the terminal mannosyl groups. Acetan
has an additional site of acetylation on the polymer backbone, probably at O-6 of the branched glucosyl residue. All

substituents occur in variable, non-stoichiometric proportions.
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a pentasaccharide sidechain. Both polysaccharides
have been shown to form similar 5-fold helical struc-
tures in the solid state [21,22]. Acetan [21], like
xanthan [8], exhibits thermally reversible order
(helix)—disorder (coil) transitions and the ordered
(helical) structures are stabilised at low temperature
and /or high ionic strength. In view of its structural
and conformational similarity to xanthan, acetan
might also be expected to show analogous binding
interactions with LBG or KM. The aim of the present
investigation was to determine whether or not such
interactions do, in fact, occur. A preliminary account
of some aspects of the work has been published
elsewhere [23].

2. Materials and methods

Acetan (synthesised by Acetobacter xylinium
NRRL B42 strain M1) was prepared by the methods
described by MacCormick et al. [24]. The charged
acetan polysaccharide was purified by selective pre-
cipitation with cetyltrimethylammonium bromide
(CTAB) using the procedure of Scott [25]. This re-
sults in a lyophilised sample in the sodium salt form.
The deacetylated polymer was prepared using the
following procedure. A 0.5% w /v solution of acetan
in 125 mM NaOH was flushed for 10 min with dry
nitrogen, sealed, held at 45 °C for 6 h, neutralised
with 0.5 M HCI, dialysed extensively against distilled
deionised water, and freeze-dried. Complete deacety-
lation was checked by infrared spectroscopy. Konjac
mannan (isolated from Amorphophallus konjac) was
obtained from Senn Chemicals, Dielsdorf, Switzer-
land. Locust bean gum was supplied by Marine Col-
loids Division of FMC, Rockland, ME, USA. The
mannose: galactose ratio, as determined by optical
rotation [1], was 4.2:1. Potassium chloride was
AnalaR grade from BDH. Distilled deionised water
was used throughout.

Solutions of acetan or deacetylated acetan were
prepared by overnight stirring at ambient tempera-
ture, and were clarified by filtration through 0.65-pm
Millipore filters. KM and LBG were dissolved by
autoclaving for 20 min at 120 °C and clarified by
centrifugation. Final concentrations were determined
by freeze-drying a known volume of each solution.
Stock solutions of all four polysaccharides were dial-
ysed to equilibrium against 10 mM potassium chlo-
ride and the dialysate was then used for dilution to
the required final concentrations, in order to ensure
that any changes observed after mixing were not

trivial changes arising from variations in ionic condi-
tions. Mixtures were prepared by combining KM or
LBG solutions with solutions of acetan or deacety-
lated acetan at 25 °C. Previous studies [21,23] have
shown that, under the salt conditions used in the
present work (10 mM potassium chloride), acetan and
deacetylated acetan remain conformationally ordered
at this temperature.

Viscosity measurements, also at 25 °C, were made
on a Contraves Low Shear 30 rotational viscometer
using cup and bob geometry (inner and outer radii,
5.5 and 6.0 mm). Low-amplitude oscillatory mea-
surements of storage modulus (G’), loss modulus
(G") and complex dynamic viscosity (1) were made
using cone and plate geometry (diameter, 5 cm; cone
angle, 0.05 rad) on a sensitive prototype rheometer
designed and constructed by Dr. R.K. Richardson
(Silsoe College). In both cases temperature was con-
trolled uwsing a Haake circulating water bath and
measured by a thermocouple in contact with the
stationary element. DSC measurements over a tem-
perature range of 5-95 °C were made on a Seteram
microcalorimeter, using the solvent as reference.
Sample and reference pans were balanced to within
0.5 mg.

3. Results

Interactions in dilute solution.—The following
simple procedure [26] was used to screen for inter-
molecular binding of LBG or KM to acetan or
deacetylated acetan at very low concentrations, where
exclusion effects should be negligible. Solutions of
the two polysaccharides under investigation were pre-
pared at approximately the same specific viscosity
(n,, = 0.7-0.8). These solutions were then mixed (at
25 °C) in various proportions, and the viscosities of
the mixtures were measured over a range of low
shear-rates. The same technique has been applied
previously to mixtures of LBG or KM with xanthan
or deacetylated xanthan, and showed massive en-
hancement of viscosity [7].

As shown in Fig. 2, the viscosity of mixed solu-
tions of native acetan (in its ordered conformation at
25 °C) with either LBG or KM remained the same, to
within experimental error, as the common viscosity
of the starting solutions, irrespective of the composi-
tion of the mixtures. Deacetylated acetan, under the
same experimental conditions, however, showed clear
evidence of interaction with LBG and KM. In both
cases the viscosity varied systematically with mixing
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Fig. 2. Specific viscosity (25 °C) for mixtures of solutions
of (a) LBG (~0.07% w/v) or (b) KM (~0.1% w/v)
with solutions of native (O) or deacetylated (@) acetan
(~0.03% w/v). The starting solutions were equilibrated
against 10 mM potassium chloride and mixed at 25 °C; f
denotes the proportion of acetan solution (native or
deacetylated) in each mixture.
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ratio, passing through a maximum. With KM as
co-synergist (Fig. 2b), the maximum value of Ny, Was
about twice that of the individual starting solutions.
With LBG (Fig. 2a), the increase in specific viscosity
was more than 3-fold.

Mixed gel rheology.—Figs. 3a and b show me-
chanical spectra (at 25 °C) for, respectively, deacety-
lated acetan and LBG at 1% w/v in 10 mM potas-
sium chloride. In both cases, viscous flow (loss mod-
ulus, G”) predominates over elastic response (storage
modulus, G’), and the complex dynamic viscosity
(™) shows little variation with frequency (w), be-
haviour typical of semi-dilute polysaccharide solu-
tions [27]. The spectrum obtained for a mixture of the
two starting solutions (at a ratio of 3:7 deacetylated
acetan:LBG), however, is typically gel-like (Fig. 3c);
G’ shows little variation with frequency and is sub-
stantially higher than G” throughout the accessible
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Fig. 3. Mechanical spectra (25 °C; 2% strain) showing the frequency-dependence of G’ (W), G” (@), and 1~ (a) for
(a) deacetylated acetan (1.0% w/v), (b) LBG (1.0% w/v), and (c) a mixture of the two at a ratio of 3:7 (acetan:LBG).
The starting solutions were equilibrated against 10 mM potassium chloride and mixed at 25 °C.
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Fig. 4. Mechanical spectra (25 °C; 2% strain) showing the frequency-dependence of G’ (W), G” (@), and " (a) for
(a) deacetylated acetan (1.0% w/v), (b) KM (1.0% w/v), and (c) a mixture of the two at a ratio of 3:7 (acetan:KM).
The starting solutions were equilibrated against 10 mM potassium chloride and mixed at 25 °C.
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Fig. 5. Strain-dependence (25 °C; 10 rad s™') of G’ (W),
G" (@), and n* (a) for the deacetylated acetan—KM
mixture from Fig. 4c.

range, and log 1~ decreases linearly with increasing
log w. There is also a gross increase in the absolute
values of the rheological parameters in comparison
with those of the starting solutions (e.g., about a
1000-fold increase in " at the lowest accessible
frequency, 0.1 rad s~ ').

With KM as co-synergist (Fig. 4), the increase in
m~ at low frequency was smaller ( ~ 200-fold at 0.1
rad s™'), consistent with the smaller enhancement in
dilute-solution viscosity (compare Fig. 2a and b), and
the separation between elastic and viscous response
(G’ and G") was also somewhat lower. The mechani-
cal spectrum of the mixed system (Fig. 4c), however,
is still gel-like (G’ > G”, with little frequency-depen-
dence in either modulus; linear reduction in log n*
with increasing log ). As shown in Fig. 5, the
moduli of the mixed gel remain independent of the
amplitude of oscillation (i.e., linear viscoelastic re-
sponse) up to at least 10% strain. Similar linear
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Fig. 7. Variation of * (a) at 1 rad s™' and of the slope

of log n* vs. log @ (M) with the proportion of deacety-
lated acetan in mixtures with KM at a total polymer
concentration of 1.0% w /v; conditions as in Fig. 6.

viscoelasticity was observed for the mixed gel of
deacetylated acetan with LBG whose mechanical
spectrum is shown in Fig. 3c.

As illustrated in Fig. 6 for deacetylated acetan in
combination with KM at a total polymer concentra-
tion of 1% w /v, varying the mixing ratio of the two
components causes an initial increase and subsequent
decrease in elastic response and in overall moduli.
Fig. 7 shows the composition-dependence of n~ at
low frequency (1 rad s™'), chosen as a representative
index of network strength, and of the slope of log n*
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Fig. 6. Mechanical spectra (25 °C; 2% strain) showing the frequency-dependence of G’ (W), G” (@), and 5* (a) for
mixtures of deacetylated acetan (1.0% w/v) with KM (1.0% w/v) at acetan:KM ratios of (a) 2:8, (b) 5:5, and (c) 8:2. The
starting solutions were equilibrated against 10 mM potassium chloride and mixed at 25 °C.
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Fig. 8. Temperature-dependence of G’ (10 rad s™'; 2%
strain) for mixtures of deacetylated acetan (0.3% w/v)
with (a) LBG or (b) KM (0.7% w/v) in 10 mM potassium
chloride on heating (@) and cooling (O) at 1 °C /min.

vs. log w, as an index of gel-like character. Both
pass through maximum values as the proportion of
acetan present is increased, paralleling the behaviour
observed (Fig. 2) for viscosity enhancement in dilute
solution.

In contrast to the clear evidence of synergistic
gelation for deacetylated acetan, mixtures of native
acetan with either LBG or KM (prepared at 25 °C
with a total polymer concentration of 1% w/v) gave
mechanical spectra approaching to those of normal
polysaccharide solutions (G” > G'; strong
frequency-dependence of both moduli, and only slight
reduction in log 7~ with increasing log w), with no
evidence of gel-like properties beyond those of ac-
etan alone [23] This is consistent with the absence of
any detectable enhancement in dilute-solution viscos-
ity (Fig. 2), and further demonstrates that the pres-
ence of acetate substituents inhibits synergistic inter-
action of acetan with KM or LBG.

Melting and setting behaviour of synergistic gels.
—On initial mixing of deacetylated acetan (0.3%
w/v) with KM (0.7% w/v) in the presence of 10
mM potassium chloride at 25 °C (as in Fig. 4), the
mixture remained fluid for about 5 min before form-
ing a cohesive network. With LBG as co-synergist,
under identical experimental conditions, gelation oc-
curred within about 30 s, consistent with the rheolog-
ical evidence of more extensive association in dilute
solution (Fig. 2a and b) and in mixed gels (Fig. 3c
and Fig. 4¢). Fig. 8 shows the changes in G’ (at 10
rad s~! and 2% strain) observed when the resulting
gels were heated and cooled (at 1 °C /min). In both
cases, there is a well-defined melting process on
heating, with recovery of network structure at lower
temperature on cooling. Melting occurs more sharply

100 ¢

a E b
b
’:
£
E
3
s 0.1
001 b i R
01 1 10 100 0.1 1 10 100
Frequency (rad s™) Frequency (rad s™)

Fig. 9. Mechanical spectra (2% strain) showing the fre-
quency-dependence of G’ (B), G” (@), and n* (a) for
mixed gels of deacetylated acetan (0.3% w/v) with KM
(0.7% w/v) in 10 mM potassium chloride after heating
from 25 °C to (a) 40 °C and (b) 60 °C.

and at higher temperature when the co-synergist is
KM (Fig. 8b) rather than LBG (Fig. 8a). The restruc-
turing process, however, is closely similar for both,
giving greater hysteresis in the system incorporating
KM. Mechanical spectra recorded at temperatures
just below and just above the sharp melting transi-
tions in Fig. 8 (at 40 °C and at 60 °C) illustrate the
change from gel-like to solution-like response
(Fig. 9).

The thermal changes accompanying the gelation
and melting processes shown in Fig. 8 were investi-
gated by DSC (at a scan rate of 0.5 °C/min). As
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Fig. 10. DSC heating scans (0.5 °C /min) for deacetylated
acetan (0.3% w/v) in 10 mM potassium chloride, alone
(trace a) and in combination with KM (0.7% w /v) after
mixing at 25 °C and holding for (b) 1 h, (c) 16 h, and (d)
24 h. The individual traces have been displaced vertically
by arbitrary amounts to avoid overlap.
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shown in Fig. 10, mixed gels of deacetylated acetan
with KM gave two sharp endotherms on heating,
centred at ~ 55 °C and ~ 80 °C. The first transition
is coincident with the sharp melting process shown in
Fig. 8b, and was found to increase in magnitude
(traces b~d in Fig. 10) as the samples were held for
progressively longer times at 25 °C (from AH = 9.5
J/g when heating commenced 1 h after mixing to
AH = 15.9 ] /g after storage for 24 h). In the cooling
direction, this transition was much broader, and was
displaced to lower temperature, consistent with the
difference between the gelation and melting profiles
shown in Fig. 8. The second endotherm corresponds
to the order—disorder transition of deacetylated ac-
etan alone (Fig. 10a); its magnitude was independent
of storage time at 25 °C (AH=5.0 J/g) and a
corresponding exotherm, with the same position and
magnitude, was obtained on cooling. Similar be-
haviour was observed for mixtures of deacetylated
acetan with LBG, but the lower-temperature transi-
tions accompanying formation and melting of the
mixed gel network (Fig. 8a) were smaller and broader,
and could not be quantified with acceptable precision.

4. Discussion and conclusions

The main finding from this investigation is that
deacetylated acetan, which at the concentrations used
in the present work is non-gelling [23], forms syner-
gistic gels with locust bean gum and konjac gluco-
mannan, which are also non-gelling. There is strong
evidence that gelation occurs by direct binding be-
tween the participating polysaccharides, rather than
by an exclusion mechanism. The reasons for this
belief are the following: (1) The interaction persists
in very dilute solution (Fig. 2), where exclusion
effects are likely to be negligible. (2) Gelation and
melting occur as co-operative processes (Fig. 8) at a
temperature well below the conformational transition
of deacetylated acetan alone (Fig. 10a). (3) Melting
of mixed gels incorporating KM as co-synergist is
accompanied by an intense endothermic transition in
DSC (traces b—d in Fig. 10). For native acetan, by
contrast, no evidence of synergistic interaction was
observed under the experimental conditions used
(mixing at 25 °C in the presence of 10 mM potassium
chloride), indicating that acetate substituents inhibit
formation of heterotypic junctions.

Recent NMR studies [28] suggest that there are
two sites of acetylation in the heptasaccharide repeat-
ing unit of acetan (Fig. 1). One is at O-6 of the inner
mannosyl residues of the carbohydrate sidechains, as

in xanthan. The other is at O-6 of the branched
glucosyl residues in the polymer backbone. Deacety-
lation enhances the synergistic gelation of xanthan,
but the unmodified polysaccharide also forms mixed
gels with LBG or KM, even in mixtures prepared at
temperatures below the helix coil transition [1]. An
obvious interpretation would be that the presence of
O-acetyl substituents on the polymer backbone of
acetan, but not of xanthan, causes direct blocking of
heterotypic association. However, recent studies in
Norwich, which will be reported in detail elsewhere
[29], have shown that if mixtures of native acetan
with LBG or KM are heated to above the temperature
range of the order—disorder transition of the acetan
component and then re-cooled, a synergistic network
gradually develops over time. It seems more likely,
therefore, that the main effect of the O-acetyl groups
is to provide an entropic drive to solubility, and that
their removal shifts the entropy—enthalpy balance in
favour of ordered association.

As shown in Fig. 8, there is substantial thermal
hysteresis between formation and melting of the syn-
ergistic gels produced by deacetylated acetan in com-
bination with either LBG or KM. Synergistic gels of
xanthan or deacetylated xanthan with LBG or KM,
by contrast, show no such hysteresis [7]. The temper-
ature-course of gelation (as monitored by low-ampli-
tude oscillatory measurements of G’) coincides
closely with the melting profile and in all cases the
onset of network formation on cooling and final loss
of structure on heating occur close to 60 °C, irrespec-
tive of whether the xanthan is acetylated or non-
acetylated and of whether the co-synergist is LBG or
KM. The melting profiles obtained for synergistic
gels of deacetylated acetan with LBG (Fig. 8a) or
KM (Fig. 8b) comply with this generality. In both
cases, final loss of structure (i.e., completion of the
steep decrease in G') occurs just below 60 °C. The
setting profiles, however, are displaced to substan-
tially lower temperature, and are closely similar with
either KM or LBG as co-synergist. It would therefore
appear that the heterotypic junctions formed initially
by deacetylated acetan on cooling in the presence of
LBG or KM are less stable than those in synergistic
gels of xanthan, but that they undergo subsequent
conversion into structures of comparable stability
(giving similar melting behaviour).

The differences in behaviour observed for deacety-
lated acetan with KM or LBG mirror similar effects
observed for deacetylated xanthan [7]. It is possible
that these differences result from different mecha-
nisms of association of the two bacterial polysaccha-
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rides with either KM or LBG, or that differences in
the substitution patterns of KM or LBG determine the
extent of initial interactions required prior to the
formation of heterotypic junction zones.

Finally, displacement of acetan (or xanthan) from
their normal helix structure to the conformation re-
quired for heterotypic association with mannan or
glucomannan will occur only if the enthalpic stability
of the synergistic junctions is greater than that of the
5-fold helix. The DSC traces shown in Fig. 10
demonstrate that the heat required to melt the junc-
tions formed between deacetylated acetan and KM is
about three times greater than that needed to disrupt
the 5-fold helix of the acetan component. By contrast,
it has been shown [30] that the genetically engineered
polytetramer variant of xanthan (in which the termi-
nal mannosyl groups of the carbohydrate sidechains
are absent), gives a much more stable helix structure,
and shows no evidence of synergistic interaction with
either LBG or KM.
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