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SUMMA R Y 

The conformational behaviour of a schizophyllan polysaccharide 
containing phthalic acid groups (2.3 acid groups per repeating unit) 
has been examined in organic ( DMSO) and in aqueous media. The 
acidic polysaccharide adopts a single chain conformation in both 
media and behaves as a weak polyacid in aqueous solution 
(pK 0 = 3). Potentiometric titration data reveal the existence of a con- 
formational transition occurring over a small ionization range. 
Viscosity and optical rotation measurements suggest that the transi- 
tion can be interpreted as a change from an ordered compact confor- 
mation at low degrees of ionization, probably stabilized through 
intramolecular H-bonds, to a disordered more extended one at 
higher degrees of ionization. 

I N T R O D U C T I O N  

Schizophyllan is a neutral extracellular polysaccharide of microbial 
origin ( Schizophyl lum c o m m u n e ) ( K i k u m o t o  et al., 1971). Its primary 
structure which consists of a linear ( 1 --, 3)-fl-D-glucan to which single 
fl-D-glucopyranosyl groups are linked ( 1 --, 6) at every third unit of the 
main chain is exactly the same as that of scleroglucan (Tabata et al., 
1981) (Fig. l(a)). Both of these polysaccharides can adopt  different 
secondary structures according to the solvent conditions, namely a 
rigid triple helical ordered conformation in water and a single coiled 
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Fig. 1. Primary structures of schizophyllan polysaccharides: (a) Unmodified (the 
arrows indicate the position of primary OH); (b) modified, with the more probable 

position of attachment of the substituent phthalic acid groups. 

disordered conformation in dimethylsulphoxide (DMSO) (Norisuye et 
aL, 1980; Kashiwagi et al., 1981; Yanaki et al., 1981; Yanaki & 
Norisuye, 1983). Experimental evidence clearly indicates that the 
order-disorder transition is not a simple reorganization of the secon- 
dary structure but is accompanied by chain dissociation as a result of 
breaking of intermolecular H-bonds responsible for the stabilization 
of the triple helical structure in water. Recently, it has been reported 
that polycarboxylated polymers obtained by periodate oxidation (in 
water) of scleroglucan glucopyranosic side chains exhibited unusual 
conformational behaviour in aqueous solution, which was particularly 
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evidenced in their interactions with Ca 2+ ions (Crescenzi et al., 1983; 
Gamini et al., 1984). On the other hand, we have recently described 
the effect of introducing acidic groups (phthalic acid) on the confor- 
mation of schizophyllan in aqueous solution and shown that a single 
chain conformation prevailed for the modified schizophyllan (Fig. 
l(b)) in both DMSO and aqueous solution (Muller et al., 1985). It is 
well recognized that polysaccharides (xanthan, schizophyllan or 
scleroglucan) can adopt ordered double (or triple) helical conforma- 
tions in their native state favouring the stacking of chains in solution 
and giving rise to technologically important applications. Melting of 
such structures to single chains can result from changes in tempera- 
ture and/or solvent conditions. It has been shown (Norisuye et al., 
1980) that the triple helix of schizophyllan which exists in water 
cannot reform once it is broken in DMSO; instead the addition of 
water may result in the formation of larger aggregates (interchain asso- 
ciation) as for the renaturation of collagen. 

It is of interest to determine the influence of charge on the confor- 
mational behaviour of schizophyllan in aqueous media, particularly on 
interchain association. 

In the present work we report the effect on chain conformation of 
increasing the degree of dissociation of the acidic groups located on 
the polysaccharide chain. A clear-cut change in potentiometric, 
viscosity and chiro-optical data takes place over a narrow ionization 
range where an order-disorder conformational transition is initiated. 

EXPERIMENTAL 

Polysaccharide samples 

The neutral schizophyllan (Sample 1 ) was a freeze dried sample kindly 
supplied by Dr T. Yanaki (Tato Co., Japan) and prepared from a native 
schizophyllan by sonication followed by fractionation. 

A modified schizophyllan (Sample 2) which contains 2.3 phthalic 
acid groups per repeating unit (as determined by potentiometric titra- 
tion) was prepared from Sample 1 as previously reported (Muller, 
1985; Muller et al., 1985), i.e. at room temperature in DMSO in the 
presence of dimethyl-4-aminopyridine/triethylamine. 
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Potentiometry 

For potentiometric titrations, a weighed amount of Sample 2 was first 
dissolved in dilute aqueous sodium hydroxide (0"01 M) then perco- 
lated through a cationic exchange resin column (Dowex 50W X8, acid 
form). The pH titrations were performed at 25°C using a Radiometer 
PHM 64 pH-meter, titrant being delivered with a Gilmont S 3200A 
syringe microburette. 

Static laser light scattering 

Measurements were performed at 25°C on solutions which were 
optically clarified by passage through 0"22/zm Millipore filters. A low 
angle laser light scattering photometer KMX6, operating at very low 
angle (4.88 ° ) which circumvents the extrapolation to zero angle, was 
used. The weight average molecular weight A~ w was calculated accord- 
ing to KC/ARo= 1/Mw+ 2A2C, where A2 is the second virial coeffi- 
cient, K the optical constant which includes the refractive index 
increment dn/dc, and ARo is the excess Rayleigh ratio due to the poly- 
mer (both measured at the same wavelength of 633 nm). 

The refractive index increments were determined by using a Brice 
Phoenix differential refractometer. 

Viscosity measurements were made at 25°C using a Ubbelhode 
capillary viscometer (Fica viscomatic). 

Optical rotation l al was measured at 365 nm and 25°C with a 
Perkin-Elmer 241 polarimeter. 

RESULTS AND DISCUSSION 

Chain conformation of schizophyllan polysaccharides 

Figure 2 shows the specific optical rotation change for aqueous solu- 
tions of both schizophyllan samples with increasing NaOH concentra- 
tion. Whereas Sample 1 assumes a triple helical ordered conformation 
so long as the NaOH concentration does not exceed 0.1 M, a dis- 
ordered coil conformation prevails for Sample 2 in the same NaOH 
concentration range. 
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Fig. 2. Dependence of the specific optical rotation I a l measured at 365 nm on the 
NaOH concentration: 1, Unmodified schizophyllan (Sample 1); 2, acidic schizo- 

phyllan (Sample 2). (In DMSO, I a l = - 50 ° for both samples.) 

In D M S O  bo th  samples  assume the same I ctt value (I al  = - 5 0  °) 
characterist ic of the r a n d o m  coil confo rma t ion  as r epor ted  for sclero- 
glucan (Rinaudo & Vincendon ,  1982). 

F igure  3 illustrates the concen t ra t ion  d e p e n d e n c e  of K C / R  o 
( 0 = 4 . 8 8  °) for  Samples  1 and 2 in D M S O  and aqueous  solut ion 
(pH = 8). 

In agreement  with data  r epor ted  in the literature, the molecular  
weight  57/w of  Sample  1 in 0.1 M NaCI (curve 1) is about  three  t imes as 
large as that  measu red  in D M S O  (curve 1"). This  confi rms that  the 
polysacchar ide  has a t r imer  s t ructure  in aqueous  solut ion and is a 
single r a n d o m  coil in D M S O .  F r o m  the intercept  of curve 2 it appears  
that  the molecu la r  weight  of  Sample  2 in 0.1 M NaC1 is about  three 
t imes as low as that  of  Sample  1 in the same salt solution. Fur the rmore ,  
identical  -Mw are m e a s u r e d  for Sample  2 bo th  in D M S O  and 0.1 M 
NaC1. T h e  value found  is near  to that  observed  for Sample  1 in 
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Fig. 3. Plots of KC/Ro (0 = 4"88 °) versus concentration for schizophyllan samples: 
1, 1", Sample 1 in I)MSO (&) and in 0.1 M NaCI (11); 2, Sample 2 in 0.1 r~ NaCI (o) (a 
nearly identical plot is observed for this sample in DMSO). In 0.1 r~ NaCI, Mw(1)/ 

Mw(2) = 3.2. 

DMSO. From these data it can be deduced that a single chain confor- 
mation prevails for Sample 2 whatever the solvent may be. As the 
modification was performed in DMSO when the initial triple helix will 
be dissociated, this means that the initial conformation is no longer 
restored in aqueous solution, which agrees with reported data (Yanaki 
et al., 1985). On the other hand, no evidence for aggregate formation 
is observed, contrary to what happens with the unmodified schizo- 
phyllan (Yanaki et aL, 1985), which can be attributed to charged acid 
groups located on the chain preventing formation of intermolecular 
hydrogen bonds. 
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Fig. 4. (a) Dependence of the reduced viscosity rhp/Con polymer concentration for 
Sample 1 in aqueous solution (curve 1) and Sample 2 in pure water (e), in 0.1 M NaCI 
(o) and in DMSO ( • ) (the viscosity plot for Sample 1 in DMSO, not shown here, is 

the same as that for Sample 2 in DMSO). (b) Fuoss plot for Sample 2 in pure water. 

Figure 4 shows the plots of the reduced viscosity ~lsp/C as a function 
of polymer concentration for Samples 1 and 2. The viscosity 
behaviour of Sample 1 can be described by a Huggins-type equation 
both in aqueous solution (with or without added salt) and in DMSO, 
as would be expected for an uncharged polymer. The intrinsic 
viscosity values found in both solvent conditions, i.e. a larger viscosity 
in aqueous solution, are consistent with the light scattering data. 

On the other hand, distinct polyelectrolyte behaviour, i.e. a concave 
upward curvature in the plot of r/sv/C vs. C, is observed for Sample 2 
in pure water due to increasing charge repulsion within the polymer 
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chain at low concentrations, resulting in a more extended conforma- 
tion. The intrinsic viscosity I r/I = 1000 ml g-1 when determined from 
the empirical Fuoss equation (Fuoss, 1951). This behaviour disappears 
upon addition of salt due to shielding of ionic charges and the intrinsic 
viscosity measured in 0.1 M NaC1 (I r/I = 100 ml g-l) is the same as that 
in DMSO, showing that a single coil conformation exists in both 
solvent conditions similar to that prevailing for Sample I in DMSO. 

Charge-induced conformational transition 

The ionization process of a poly(monoprotonic acid) can be described 
as (Arnold & Overbeek, 1950): 

0.434 dG 8 
pH . . . .  pK0 + log (1) 

RT 08 1 -8  

o r  

1 - 8  
p K  a = pH + log - -  (2) 8 

where K 0 is the dissociation constant for an isolated acid group, Ka is 
the apparent dissociation constant of the polyacid, fl is the dissocia- 
tion degree of the polyacid, and d G is the differential change in the 
electrostatic and conformational free energy per monomole which 
accompanies a differential change in the dissociation degree dfl. 

As usual fl is defined by 

(3) 
with CH÷ = 10- pH (if activity coefficients can be put equal to unity),/~ the 
degree of neutralization being equal to/~ = CB/Cp (C~ is the molar con- 
centration of added base and Cp the monomolar polyelectrolyte molar 
concentration). Figure 5 shows the plot of pK a, as defined by eqn (2), 
against the degree of dissociation fl for Sample 2 at ionic strengths of 0 
and 5 x 10-2 M NaC1. The titration curve reveals a sharp rise at low t ,  
followed by a maximum or plateau region, and rises again at higher 
ft. The abnormal shape of this curve is consistent with the occurrence 
of a conformational transition within the molecule during ionization as 
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Fig. 5. Potentiometric titration curves of Sample 2 in pure water and in 5 x 10-2 M 
NaC1. fll and t3 represent the beginning and the end of the transition. Extrapolation 
of curves at fl > t3 to the region of low fl shows the behaviour of a hypothetical dis- 

ordered coil over the whole ionization range (broken line 3*). 
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is well documented for some other polyelectrolytes (Wada, 1960; 
Leyte & Mandel, 1964; Barskaya & Ptitsyn, 1971; Muller et al., 
1975). The titration curves can also be represented by the 
Henderson-Hasselbach plot in which pH is plotted as a function of 
log (1 - fl)/fl. An example of such a plot is given in Fig. 6. The linear 
portions of these plots correspond to the titration of two different con- 
formations labelled 1 (stable at low t )  and 3 (stable at higher fl), and 
the middle part labelled 2 is the transition region between them. 

\ 

%% %%% %' 
- .  

| I , I 

- 0 . 5  0 0.5 

log I - 8  

. r  
gt,  

- 3 

Fig. 6. Henderson-Hasselbach plots for the titration of Sample 2 in pure water and 
in 5 x 10 -2 M NaCl. 
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Extrapolation of pK a against fl to fl--' 0 yields the intrinsic dissociation 
constant for the acidic group's pK 0 which is near pK0 = 3 irrespective 
of the ionic strength in the range investigated (0-5 x 10 -2 M NaC1). 
For salt concentrations above 5 x 10-2 M NaCl, precipitation of poly- 
mer is observed at low fl values; therefore the region labelled 1" can 
be attributed to intermolecular aggregation. The fl value at which the 
transition starts is shifted to higher values as the ionic strength 
increases. It is interesting to note that the slope of the rise of pK a with 
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Fig 7. Reduced viscosity as a function of the degree of neutralization/~ for Sample 
2 in pure water and in the presence of 5 x 10-3M NaC1 (polymer concentration 

C = 8 X  10-4 g ml-1). 
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fl after the completion of the transition (fl> 0"55 in pure water) is 
smaller than before the transition. This is also observed for 
poly(methacrylic acid)(Bartels & Arends, 1981) and is an indication 
that the transition occurs between a rather compact conformation 
existing at low fl and a more extended one at higher ,6. This conclusion 
is supported by viscosity measurements. The dependence of the 
reduced viscosity risp/C on the degree of neutralization fl presented in 
Fig. 7 shows a breakdown in the viscosity plots occurring within a 
small/~ interval. In the/5 range corresponding to the regions labelled 1 
in Figs 5 and 6, the viscosity is low and only slightly dependent on salt 
concentration which is consistent with the existence of a rather com- 
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Fig. 8. Dependence of the specific optical rotation of Sample 2 on the degree of 
neutralization/~. 
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pact conformation. A large increase in reduced viscosity is observed 
over the ionization range corresponding to the transition regions. This 
is due to the uncoiling of the chains due to increasing charge repulsion 
between charged groups and is typical of weak polyacids such as for 
example polyacrylic acid. In this domain it is well recognized that the 
viscosity is sensitive to an increase of the ionic strength. These vis- 
cosity results clearly show that Sample 2 undergoes a change in con- 
formation from a compact to an extended form as/~ increases. 

As shown in Fig. 8, the specific optical rotation l al goes through a 
sharp sigmoidal change in the ionization range corresponding to the 
conformational transition. The inflections in the S-shaped l al vs. /~ 
curves occur at/~ values located in the middle part of the neutraliza- 
tion range, covered by the plateau in the potentiometric plots (region 
labelled 2 in Fig. 5). 

The sharp change in l al observed over a rather small ionization 
range is indicative of a co-operative change in conformation and is 
consistent with the p K  a and viscosity results. The sharp decrease in l a[ 
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Fig. 9. Normalized titration curve of Sample 2 determined from the pH-titration 
data at NaCI concentration: o,  0; o,  5 x 10 -3 M; D, 10 -2 M; A ,  5 x 10 -2 M. 0or d is the 

fraction of residues in the ordered state vs. fl (lower scale) and/~ (upper scale). 
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together with the large I r/I increase observed as the transition between 
the two conformations is initiated suggests a transition from a con- 
tracted ordered structure, stable at low /~, to a more disordered 
extended random coiled form. It is clear that changes in ionization 
alter the balance between non-covalent attractions and repulsions 
because the electrostatic contribution changes. In our opinion the 
adoption of a compact molecular structure is primarily due to intra- 
molecular H-bonding, although other types of non-covalent inter- 
action, e.g. van der Waals, dipolar, can also play a role. 

Figure 9 shows the normalized transition curve, i.e. the fraction 0or d 
of the ordered form in the molecule vs. the degree of dissociation fl, 
calculated from the pH-titration data by assuming a two-state model 
(Nitta et al., 1975). From these plots it clearly appears that the 
compact ordered form becomes more stable with increasing salt con- 
centration. 

CONCLUSIONS 

The above light scattering, potentiometric, viscosity and optical rota- 
tion data indicate that the acidic polysaccharide derived from schizo- 
phyllan exists in a single chain conformation whatever the solvent may 
be, in contrast to the neutral starting material. In aqueous solution it 
undergoes a clear-cut conformational transition from a rather 
compact ordered form to an extended disordered coiled one upon 
ionization of acidic groups located on the polysaccharide chain. Intra- 
molecular H-bonds are probably responsible for the stabilization of 
the compact secondary structure prevailing in the low ionization 
range. This conformation is more stable at higher salt concentrations. 
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