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Abstract

The structure-function relationship of a gellan family of polysaccharides, S-198 gum produced by
Alcaligenes ATCC31853 was investigated in terms of rheological aspects. The flow curves of S-198
gum showed plastic behavior above 0.3%. Gelation did not occur in S-198 gum solution at low
temperature (0°C), even at 0.8%. Both the viscosity and the elastic modulus remained constant
with increasing temperature up to 80°C. The elastic modulus decreased a little with the addition
of CaCl; (6.8 mM), but then once again remained constant up to 80°C. The highest elastic mod-
ulus was observed for deacylated gellan gum with the addition of CaCl; and increased slightly
with increasing temperature up to 80°C, which was considered to be a transition temperature,
after which it decreased rapidly. The elastic modulus of S-198 gum in the presence of urea (4.0
M) was lower than that in aqueous solution at low temperature (0°C), but remained constant
with increasing temperature up to 80°C. The intramolecular associations, (hydrogen bonding
and van der Waals forces of attraction), of S-198 gum molecules in aqueous solutions were pro-
posed. The gellan family of polysaccharides, S-198, S-88, S-657, rhamsan, welan and gellan gum, pro-
vided a good opportunity to investigate the structure-function relationship for polysaccharides.
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1. Introduction

Polysaccharides produce commercially from seaweeds, plants, animals and micro-organisms that have been
used in food and non-food (cosmetic, paper, textile, paint, oil, pharmaceutical, and medical) industries as gelling,
stabilizing, emulsifying, oil-drilling, coating, encapsulating, flocculating, swelling, film-forming, membrane-
forming, and protective agents. Specifically, for several decades, attention has been directed to polysaccharide
gels. We have previously investigated the molecular origin of their rheological characteristics and have proposed
gelation mechanisms for x-carrageenan [1] [2], i-carrageenan [3], agarose (agar) [4], gellan gum [5] [6], amylose
[7] [8], curdlan [9], alginic acid [10] [11] and deacetylated rhamsan gum [12] at the molecular level in agueous
solutions.

Xanthan gum, a bacterial polysaccharide, has curious rheological characteristics [13]-[18] and gelation oc-
curred after mixing it with galactomannan and glucomannan. We proposed a synergistic co-gelation mechanism
for a mixture of solutions of xanthan and galactomannan (locust-bean gum [19]-[21], guar gum [22], tara-bean
gum [23], Leucaena gum [24], and Leonix gum [25]), and konjac glucomannan [26] [27], in which trisaccharide
side-chains of the former molecules participate in the interaction. The interaction between the extracellular bac-
terial polysaccharide xanthan produced by Xanthomonas campestris and typical galactomannan and glucoman-
nan components of the plant cell wall may play a role in the host-pathogen relationship, because X. campestris is
a bacterial plant pathogen. Furthermore, the mode of the intermolecular interaction may demonstrate the exis-
tence of D-mannose-specific binding sites in several cell recognition processes. Synergistic interactions with ga-
lactomannan and x-carrageenan [2] [28], and with agarose [29] have also been reported. Recently, we proposed
gelatinization and retrogradation mechanisms for rice [30]-[32], potato [33] and wheat [34] [35] starches. The
short side-chains of rice, potato and wheat amylopectin molecules may participate in the intermolecular hydro-
gen bonding with amylose molecules. Consequently, we have discovered some basic rules for the gel-formation
processes of the polysaccharides in aqueous solutions. The gelation occurs in the formation of intra- and inter-
molecular associations, where hemiacetal oxygen, hydroxyl and/or methyl groups of the sugar residues of the
polysaccharides contribute hydrogen bonding and/or van der Waals interactions in aqueous solutions. The sul-
furic acid and carboxyl groups of the sugar residues of some acidic polysaccharides, such as x-carrageenan,
1-carrageenan, gellan gum, alginic acid and deacetylated rhamsan gum, also participate in intra- and/or intermo-
lecular associations through univalent or divalent cations with ionic bonding and/or electrostatic forces of attrac-
tion. Based on such gelation mechanisms, we have also discussed the role of polysaccharides in gelation, gelati-
nization and retrogradation processes in water and have demonstrated the principle of polysaccharide gels [36]
[37] and starch gelatinization and retrogradation [38].

Gellam gum is a bacterial polysaccharide produced by Sphingomonas elodea and has potential industrial ap-
plications as a gelling agent alternate to agarose (agar) and carrageenans in the food industry, medicine and bio-
technology [39]-[42]. The primary structure of the polysaccharide consists of tetrasaccharide repeating units,
3)-p-D-Glcp-(1—4)-p-D-GlcpA(1—4)--D-Glcp-(1—4)-a-L-Rhap-(1 [43] [44]. The polysaccharide contains O-
acetate and L-glycerate groups at C-6 and C-2 of -3)-5-D-Glcp-(1 [45]. Under suitable conditions, the native
gellan gum [6] forms weak elastic gels, however, it forms stiff, brittle gels upon deacylation [5]. Physicochemi-
cal investigations of deacylated gellan gum have been conducted by many researchers [5] [46]-[50]. Chandrase-
karan et al. reported that a tertiary structure of deacylated gellan gum consisted of two identical left-handed,
three-fold double helices in the solid state, similar to that of agarose molecules [48].

We previously proposed a gelation mechanism for deacylated gellan gum in aqueous solution, as illustrated in
Scheme 1 [5]. Intramolecular hydrogen bonding might occur between the OH-4 group of the D-glucosyl residue
and the adjacent hemiacetal oxygen atom of the L-rhamnosyl residue, and between OH-3 of the D-glucosy! resi-
due and the adjacent hemiacetal oxygen atom of the D-glucuronosyl residue, as in cellulose, to make the gellan
gum molecule rigid. In turn, intermolecular association might occur between the methyl group and the hemia-
cetal oxygen atom of the L-rhamnosyl residues on different molecules based on van der Waals forces of attrac-
tion via the cage effect. In the presence of CaCl,, an intermolecular Ca** bridge, as in ;-carrageenan [3] and al-
ginic acid [10] [11], also occur in the form of ionic bonding between the carboxyl oxygen atom of the
D-glucuronosyl residues on different molecules. The associations are very strong and stable even at high tem-
perature range.

Lee and Chandrasekaran [49] reported that welan, rhamsnan and S-657 gum molecules formed half-staggered
double helices stabilized by carboxylate-hydroxymethyl interaction with hydrogen bonding in the solid state,
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similarly to gellan gum molecules. We proposed possible intramolecular associations for welan (Scheme 2) [51],
rhamsan (Scheme 3) [52] [53], and S-657 (Scheme 4) [54], the structures of which are similar to that of gellan
gum with the following exceptions; substitution at O-3 of every D-glucosyl residue next to the D-glucuronosyl
residue by either a-L-rhamnosyl or a-L-mannosy! side-chains in a 2:1 ratio for welan [55], substitution at C-6 of
every D-glucosyl residue next to the L-rhamnosyl residue by a-D-glucosyl disaccharide side-chains for rhamsan
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Scheme 1. Gelation mechanism of deacetylated gellan gum in aqueous solution.
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Scheme 2. Intramolecular associations of welan gum in aqueous solution.
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Scheme 3. Intramolecular associations of rhamsan gum in aqueous solution.
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[56], and substitution at O-3 of every D-glucosyl residue next to the D-glucuronosyl residue by a-L-rhamnosyl
disaccharide side-chains for S-657 gum [57]. The methyl groups of L-rhamnosy| residues played a dominant role
in the thermal stability due to the formation of intramolecular van der Waals forces of attraction. The models
proposed for welan (Scheme 2), rhamsan (Scheme 3) and S-657 (Scheme 4) gum corresponded to a sin-
gle-stranded helix. We also demonstrated possible intramolecular associations of S-88 gum [58] which consist
of 3)-4-D-Glcp-(1—4)-4-D-GlcpA(1—4)-4-D-Glep-(1—4)-a-L-Rhap-or-L-Manp-(1 where every D-glucosyl re-
sidue next to the D-glucuronosyl is substituted at O-3 by a-L-rhamnosyl side-chains [59], as illustrated in Scheme 5.
The S-88 gum also exhibits thermostable characteristics in terms of viscosity and elastic modulus in aqueous
solutions. The thermal stability of the gellan family of polysaccharides, welan, rhamsan, S-657 and S-88 gums is
essentially attributed to the intramolecular associations proposed.

Alhough rhamsan contains one O-acetyl group per repeating unit and has non-gelling properties, after deace-
tylation by alkaline treatment, it forms a gel [12]. This dramatic change is caused by the conformational change
on the L-rhamnosy! residues from 'C;- to “C;-pyranose rings where the C-6 methyl group of the L-rhamnosy! re-
sidues on the main-chain shifted from an equatorial to an axial orientation, as confirmed by *H-NMR spectros-
copy [12]. We proposed a gelation mechanism for deacetylated rhamsan gum (Scheme 6) [12], in agreement
with that of deacylated gellan gum, as mentioned above (Scheme 1) [5].

HO o
EAPFAVL
HO OH 3 o
ZOR™O m/o <
HsC o <
3 ¢}
Hog ;:0:7 OH
© n

AsSociations; s s ms s , hydrogen bonding; , van der Waals forces of attraction.
(Reproduced with permission from reference 37. Copyright 2015 Scientific
Research Publishing.)

Scheme 4. Intramolecular associations of S-657 gum in aqueous solution.
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Scheme 5. Intramolecular associations of S-88 gum in aqueous solution.
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Scheme 6. Gelation mechanism of deacetylated rhamsan gum in aqueous solution.

We previously discussed the molecular origin of the gelation characteristics of native gellan gum [6] which
substituted acetyl groups at C-6 of the 3-linked D-glucose and L-glyceric acid groups at C-2 of the same residue.
Thus, we proposed intra- and intermolecular associations of native gellan gum molecules in aqueous solution, as
illustrated in Scheme 7. Intramolecular associations may occur between OH-4 group of the D-glucosyl residue
and the adjacent hemiacetal oxygen atom of the L-rhamnosy! residue with hydrogen bonding, between OH-3 of
the D-glucosyl residue and the adjacent hemiacetal oxygen atom of the D-glucuronosyl residue with hydrogen
bonding, and between the C-6 methyl group of the L-rhamnosy! residue, which adopts a *C4-pyranose-ring con-
formation, and the adjacent hemiacetal oxygen atom of the D-glucosyl residue with van der Waals forces of at-
traction to make the polymer molecules rigid. Intermolacular associations may occur between the C-6 methyl
group, which adopts a “C,-pyranose ring conformation of the L-rhamnosyl residue and the counter hemiacetal
oxygen atom of the L-rhamnosyl residue on different molecules in the form of van der Waals interactions via the
cage effect. A slight increase in the tan ¢ value with increasing concentration, however, indicates that a large
number of intramolecular associations are involved within native gellan gum molecules, which may be attri-
buted to the adoption of the *C,-pyranose ring conformation, as confirmed by *H-NMR spectroscopy [6]. In the
presence of CaCl,, an intermolecular Ca?* bridge also forms as a result of ionic bonding between the carboxyl
oxygen atoms of the D-glucuronosy! residues on different molecules. As reported previously [12], the L-rhamnosyl
residues in some of the native rhamsan gum might adopt a C, pyranose ring conformation and convert to a “C,
pyranose ring conformation after deacetylation. This conformational change of the L-rhamnosyl residues con-
tributed to the gel formation for deacetylated rhamsan gum [12]. Thus, the associations depicted in Scheme 7
provide explanations of not only the rheological characteristics of native and deacylated gellan gum, but also
those of welan, native rhamsan, deacetylated rhamsan, S-657 and S-88 gum in aqueous solutions.

S-198 gum is a bacterial polysaccharide produced by Alcaligenes ATCC 31853. This gum is non-gel-forming
and yields a thermostable, highly viscous solution even at high temperature [40]. The main chain of the poly-
saccharide consists of tetrasaccharride repeating units, 3)-4-D-Glp-(1—4)-4-D-GlcpA(1—4)-p-D-Glcp-(1—4)-
o-L-Rhap-or-L-Manp-(1 as in S-88 gum, where the L-rhamnosyl side-chain is substituted at C-4 of every 3-linked
D-glucosy!l residue [60].

We report herein the non-Newtonian behavior and dynamic viscoelasticity of S-198 gum, and its rheological
properties are analyzed with respect to its association characteristics and compared with those of the gellan fam-
ily of polysaccharides, welan, rhamsan, S-657, S-88, deacetylated rhamsan and native gellan gum at the mole-

cular level.
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Scheme 7. Gelation mechanism of native gellan gum in aqueouss solution.

2. Experimental

2.1. Materials

S-198 gum was kindly supplied by CP-Kelco (CA, U.S.A.) and was dissolved in hot water (90°C) as a 0.1% so-

lution. The sample was prepared using the same methods as reported in previously, which are as follows: heated
at 90°C for 20 min, cooled at room temperature, centrifuged at 23,000 g for 1 h, and filtered through Celite 545
(which had been pre-treated with boiling 3 M HCI for 30 min and washed with distilled water until reaching pH
6.0) [51]-[54] [58]. In the presence of 0.05% KCI, ethanol (2 vol.) was added to the filtrate and the precipitate
was dried in vacuo. Purified S-198 gum was redissolved in hot water and the solution was deionized by passage
through a column of Amberlite IR-120 (H*), and neutralized with 0.1 M KOH. The solution was filtered through
Celite 545 once more. Ethanol (2 vols.) was added to the filtrate in the presence of 0.05% KCI, and the precipi-

tate was dried in vacuo.

Gellan, welan, rhamsan, S-657 and S-88 gum were also supplied by CP-Kelco (CA, U.S.A.) and were dissolved
in hot water (90°C) as a 0.1% solution. The samples were prepared using the same methods as described above.

2.2. Viscosity and Dynamic Viscoelasticity Measurements
The viscosities at various shear rates (1.19 - 95.05 s *) and the dynamic viscoelasticity at a steady angular veloc-
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ity (3.77 rad/s) were measured using a rheogoniometer equipped with a coaxial cylinder (18 mm diam.) and a
rotating outer cylinder (22 mm diam., 60 mm long) (IR-103, lwamoto Seisakusho Co., Ltd., Japan). Circulating
oil from a Thermo-cool (LCH-130F, Toyo Co., Ltd., Japan) controlled the temperature from 0°C to 90°C, and
increased it at a rate of 1°C/min. The shear rate (y), shear stress (z), and viscosity () were calculated using the
Margules equation [61]. The dynamic viscosity (1) and elastic modulus (G’) were calculated using a modifica-
tion of Markovitz equation [62]. The mechanical loss tangent was calculated from the relationship tan 6 = G”/G’
where G” is the loss modulus (w7’) and w is the angular velocity of the outer cylinder. The values reported are
the means of two determinants.

3. Results
3.1. Flow Characteristics

To compare the rheological behaviors of S-198 gum to those of gellan (native and deacylated), welan, rhamsan
(native and deacetylated), and S-88 gum, the viscosity and dynamic viscoelasticity were measured under the
same conditions as in of our previous studies [5] [6] [51]-[54] [58]. Although the flow curves of S-198 gum ap-
proximated to shear-thinning behavior at a concentration of 0.1%, they shifted to high shear stress and approx-
imated plastic behavior above 0.3% at 25°C, as shown in Figure 1. The yield value of the S-198 gum solution
was estimated to be 2.5, 5.0 and 12.0 Pa at 0.3%, 0.5% and 0.8%, respectively. The result indicates that second-
ary associations within and/or between molecules occur for the S-198 gum solutions above 0.3% [5] [6] [51]-[54]
[58]. The flow curves of S-198 gum solutions shifted in proportion to the concentrations. The tendency essen-
tially agreed with that of welan [51], rhamsan [52] [53], S-657 [54] and S-88 [58] gum, but differed from that of
gellan (deacylated) gum [5], where the flow curves shifted to a very low shear-stress below 0.9% and exhibited
Newtonian behavior. This might be caused by the breakdown of an intermolecular association for gellan gum,
under a shear-rate of 9.50 s, as the 1.0% solution exhibited a very high shear-stress and exhibited plastic beha-
vior, the yield value of which was estimated to be 1.0 Pa [5].

3.2. Viscosity

Figure 2 shows the effect of temperature on the viscosity of S-198 gum at various concentrations. A slight de-
crease in viscosity was observed for a solution of 0.1% with increasing temperature up to 50°C, which was con-
sidered to be a transition temperature, and then remained constant with further increases in temperature except
for a slight increase above 70°C. The behavior at the transition temperature indicates that secondary associations

50 p

40 }

0 20 40 60 80 100
7 (sec™)

Figure 1. Flow curves of various concentrations of S-198 gum at 25°C.
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Figure 2. Effect of temperature on the viscosity of S-198 gum at various concentrations.
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Figure 3. Effect of temperature on the viscosity of $-198, gellan, welan, S-657 and S-88 gums at 0.8% and 9.5 5.

dissociate above this temperature. In a 0.1% solution, hydrogen bonding seemed to dissociate above 50°C [9],
and hydrophobic interactions might occur above 70°C, as a similar phenomenon was observed in curdlan,
S-1,3-glucan, solution [9]. The viscosity for 0.3%, 0.5% and 0.8% solutions remained constant with increasing
temperature up to 80°C. The results indicate that S-198 gum molecules exhibit thermostable viscosity.

The effect of temperature on the viscosity of S-198, deacylated gellan, welan, S-657 and S-88 gum at a con-
centration of 0.8% is shown in Figure 3. Alhough the viscosity of gellan gum was slightly high at a low temper-
ature (0°C), it decreased rapidly with increasing temperature. The decrease in the viscosity is due to dissociation
of intermolecular associations. In contrast, the branched S-198, welan, S-657 and S-88 gum samples exhibited
quite different viscosity properties. The viscosity of welan decreased slightly with increasing temperature, but
remained high even at 85°C. S-198 gum showed the highest value and remained constant with increasing tem-
perature up to 15°C, which was considered to be the first transition temperature, decreased slightly with further
increases in temperature up to 45°C, which was considered to be the second transition temperature, and re-
mained constant with further increases in temperature. This phenomenon is attributed to a slight dissociation of
the secondary associations above the first transition temperature (15°C), and the formation of additional associa-
tions above the second transition temperature (45°C). The viscosity of S-657 and S-88 gum remained low at low
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a temperature (0°C) but increased gradually with increasing temperature up to 45°C and 50°C, which was consi-
dered to be a transition temperature. With further increases in temperature, the viscosity of S-657 gum increased
slightly, whereas that of S-88 gum decreased slightly. The increase in the viscosity was caused by an increase in
the kinetic energy on the side-chains of both polysaccharides involved in the intramolecular associations. The
transition temperature at 45°C and 50°C corresponds to the partial dissociation of the intramolecular association
of both molecules.

As reported in preceding papers, the viscosity of native xanthan produced a sigmoidal curve [13] [18] in
which it decreased slightly with increasing temperature up to 20°C, increased gradually to a maximum at 45°C,
and then decreased slightly, but remained high even at 80°C. In contrast, the viscosity of deacetylated [14], de-
pyruvated [16] and deacylated [17] [18] xanthan remained constant with increasing temperature. This thermal
stability was attributed formation of intramolecular associations (to which the methyl group of the acetyl resi-
dues and OH-3 of the D-glucosyl residues contributed) and an increase in the Kinetic energy of the trisaccharide
side-chains of xanthan. Specifically, the viscosity of deacylated xanthan remained constant up to 25°C, 35°C and
40°C at concentrations of 0.5%, 0.8% and 1.0%, respectively, after which it decreased rapidly [17] [18]. The
rapid decrease in viscosity was attributed to free from acetyl and pyruvate groups. Accordingly, the increase in
viscosity with increasing temperature of the rhamsan, S-657 and S-88 gum may be due to formation of a sec-
ondary association and an increase in the kinetic energy of the side chains. These results suggest that S-198 gum
molecules may involve an intramolecular association to which the methyl groups of the L-rhamnosyl residues
contribute, as the thermostability might be attributed to the presence of a methyl group in xanthan [17] [18], we-
lan [51], rhamsan [52] [53], S-657 [54], and S-88 [58] gum.

3.3. Elastic Modulus

As reported previously, the elastic modulus of gellan (deacylated) gum solution was very high at a concentration
of 0.8% at low temperature (0°C), but decreased rapidly with increasing temperature [5]. In contrast, the elastic
modulus of welan [51], rhamsan [52] [53], S-657 [54] and S-88 [58] gums remained high during the increase in
temperature up to 80°C. As shown in Figure 4, the elastic modulus of S-198 gum remained very low, even at
low temperature (0°C), and decreased slightly with increasing temperature at a concentration of 0.1%. The elas-
tic modulus of the 0.3% solution was approximately 50 times greater than that of the 0.1% solution and re-
mained constant with increasing temperature. The elastic modulus increased in proportion to the concentration
for 0.5% and 0.8% solutions and remained constant as the temperature increased. This phenomenon, a constant-
ly high elastic modulus at high temperature, is in agreement with the behavior of welan, rhamsan, S-657 and
S-88 gums. The tan ¢ value was high (2.4) for a concentration of 0.1%, indicating that a weak secondary associ-
ation is involved. For the 0.3% solution, tan ¢ is low (0.48) at low temperature (0°C) and decreased gradually
with increasing temperature reaching 0.23 at 80°C. Almost the same tan ¢was observed in a 0.5% solution (0.45)
as in the 0.3%, and this value increased with increasing temperature reaching 0.76 at 80°C. Although a lower
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Figure 4. Effect of temperature on the elastic modulus and tan ¢ of S-198 gum at various concentrations.
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tan ¢ was observed in 0.8% solution (0.35) relative to 0.5% solution , it also increased gradually reaching 0.54 at
80°C. The tan ¢ values for S-198 gum (0.48 at 0.3% to 0.35 at 0.8%) are essentially in agreement with those of
welan (0.56 - 0.45), rhamsan (0.3 - 0.2), S-657 (0.5 - 0.4) and S-88 (0.6 - 0.2). The results suggest that a ther-
mally stable secondary association of S-198 gum molecules is essentially attributed to intramolecular associa-
tions.

Alhough the elastic modulus of S-198 gum (0.2%) decreased with the addition of CaCl, (6.8 mM), as shown
in Figure 5, a dramatic increase in the elastic modulus of gellan gum, reaching approximately 670 times (54 Pa)
that in its aqueous solution (0.08 Pa) was observed in the 0.2% solution with the addition of CaCl, (6.8 mM) at
low temperature (0°C). The elastic modulus increased slightly with increasing temperature up to 80°C, which
was considered to be a transition temperature, then decreased rapidly. The behavior indicates that gellan gum
tightly binds Ca®* with the carboxyl groups of the D-glucuronosy! residues contributing to cation-bridges be-
tween the different molecules with ionic bonding as a very low elastic modulus was observed in a solution of the
polysaccharide alone [5]. The decrease in elastic modulus for S-198 gum with the addition of 6.8 mM CacCl,
may be caused by the prevention of the formation of Ca** bridges by the side-chains L-rhamnose of S-198 gum.
A similar decrease in the elastic modulus was also observed in welan and S-88 gum solution with the addition of
CacCl,. On the other hand, the elastic moduli of rhamsan and S-657 gum as a function of temperature were al-
most identical to that of the solution of the polysaccharide alone. These finding also indicate that the side-chains
of welan, S-657 and S-88 prevent the formation of Ca®* bridges on the carboxyl groups of the D-glucuronosyl
residues between different molecules. As mentioned above, although the elastic modulus of deacetylated rham-
san gum increased upon the addition of CaCl,, an almost identical elastic modulus was observed in native
rhamsan gum solution® with increasing temperature.

The elastic modulus of S-198 gum decreased with the addition of urea (4.0 M), but remained high as the tem-
perature increased. The result indicates that hydrogen bonding occurs in the formation of secondary associations
of S-198 gum molecules to some extent. The elastic modulus remaining high even after the addition of urea in-
dicates another secondary association in S-198 molecules. In contrast, the elastic modulus of gellan gum in-
creased with the addition of urea (4.0 M) at low temperature (0°C) and decreased gradually with increasing
temperature up to 15°C, which was considered to be a transition temperature, after which it decreased rapidly.
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Figure 5. Effect of temperature on the elastic modulus of S-198 gum at a
concentration of 0.2% with the addition of CaCl, (6.8mM).
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The transition temperature for the elastic modulus of gellan gum indicates that a secondary association is in-
volved and that it dissociates above the temperature even in the presence of urea. The result suggests that a hy-
drophobic interaction participates in the interaction, as urea is known to disrupt hydrogen bonding [4] [7] [8]
[31]-[33]. A slight decrease in the elastic modulus was observed for welan, rhamsan, S-657 and S-88 gums upon
the addition of urea (4.0 M), but the values remained high as the temperature increased.

4. Discussion

Although the primary structure of S-198 gum [60] is similar to that of gellan [43] [44], welan [55], rhamsan [56],
S-657 [57] and S-88 [59] gum, its rheological characteristics differ from gellan (deacylated) [5], native gellan [6]
and deacetylated rhamsan [12], but are essentially in agreement with those of welan [51], native rhamsan [52]
[53], S-657 [54] and S-88 [58] gums. Thus, S-198 gum molecules may involve intramolecular associations, as
do welan, rhamsan, S-657 and S-88 gum molecules. We propose intramolecular associations of S-198 gum mo-
lecules in aqueous solution, as illustrated in Scheme 8. The intramolecular associations may occur between the
methyl group of the L-rhamnosyl residue which adopts a “C,-pyranose ring conformation, and the adjacent he-
miacetal oxygen atom of the D-glucosyl residue with van der Waals forces of attraction and between C-4 of the
hydroxyl group of the L-mannosyl residue, which adopts a *C4-pyranose ring conformation and the adjacent he-
miacetal oxygen atom of the D-glucosyl residue with hydrogen bonding to make the polymer molecules rigid.
The intramolecular associations play a dominant role in the thermostability of S-198 gum aqueous solutions.

The structures of S-198 and S-88 gums are quite similar, differing only in the substitution of the L-rhamnosyl
side-chain at C-4 of D-glucosyl residue next to the L-rhamnosyl or L-mannosy| residue for the former and at C-3
of D-glucosyl next to D-glucuronosyl residue. In Figure 6, the elastic modulus of the S-198 solution remained a
little low upon the addition of urea (4.0 M), where the thermal stability has been attributed to the intramolecular
van der Waals forces of attraction, because of the dissociation of hydrogen bond. Thus, the high viscosity and
elastic modulus of 0.8% S-198 gum, which is the highest among the gellan family of polysaccharides in aqueous
solution should be caused by a small number (approximately half) of intramolecular associations beyond those
of welan, rhamsan, S-657 and S-88 gum as illustrated in Scheme 8, Scheme 2, Scheme 3, Scheme 4 and
Scheme 5.
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Figure 6. Effect of temperature on the elastic modulus of S-198 gum at a concentration of
0.3% with the addition of urea (4 M).
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Scheme 8. Proposed intramolecular associations of S-198 gum in aqueous solution.

In our proceeding papers, we investigated the molecular origin of the rheological characteristics of the gellan
family of polysaccharides in aqueous solutions. Under suitable conditions, the native gellan formed weak elastic
gels, whereas it forms stiff, brittle gels upon deacylation. The weak gel for native gellan gum was partially caused
by the *C4-pyranose ring conformation of L-rhamnosyl residues, where the methyl groups were oriented in the
equatorial conformation, resulting in the formation of intramolecular associations. The 'C,-pyranose ring con-
formation of L-rhamnosyl residues also played a role in native rhamsan gum molecules [12] [52] [53]. The con-
formational changes of the L-rhamnosyl residues on the native gellan and rhamsan gum molecules from 'C, to
*C, occurred via deacylation and deacetylation resulted in the formation of gel [5] [6] [12]. Such conformational
change was confirmed by *H-NMR spectroscopy [6] [12].

5. Conclusions

Thus, the associations depicted in Scheme 8 provide explanations for not only the rheological characteristics of
native and deacylated gellan gum, but also those of welan, native rhamsan, deacetylated rhamsan, S-657 and
S-88 gum in aqueous solutions.

It is revealed that the L-rhamnosyl residue plays dominant role not only in gel-formation process of gellan
(native [6] and deacylated [5]) and deacetylated rhamsan [12] gum, but also in thermostable properties of S-198,
welan [51], rhansan [52] [53], S-657 [54] and S-88 [58] gum in aqueous media. Although many investigations
have investigated the gelling and thermostable characteristics of the gellan family of polysaccharides to eluci-
date the structure-function relationship, no other researchers have established the mechanism at the molecular
level. There is reasonable consistency in our investigations. Thus, rheological analysis is an important method
for understanding the structure-function relationship of polysaccharides at molecular level in aqueous media
[36]-[38].
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