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ABSTRACT 

Synchrotron-radiation small-angle X-ray scattering measurements were carried out for 

a schizophyllan (SPG) sample with the weight-average molar mass Mw of 340 kg mol−1 and 

five carboxylated SPG (sclerox) samples with different degrees of substitution (DS) ranging 

from 0.18 to 0.45 in 200 mM aqueous NaOH including 10 mM NaCl to determine Mw, the 

second virial coefficient A2, the particle scattering function P(q), and the radius of gyration S2.  

Positive A2 values indicated that this alkaline solvent was a good solvent for all polysaccharide 

samples investigated.  The resultant Mw values (~ 100 kg mol−1) were much smaller than that 

for the trimer in aqueous NaCl at neutral pH, indicating all SPG and sclerox samples dissolved 

as single chains in the alkaline solvent.  Both P(q) and S2 were consistently explained by the 

wormlike chain model.  The obtained parameters were almost independent of DS. While the 

chain stiffness (12 – 18 nm) in terms of the Kuhn segment length or twice the persistence length 

was similar to those for the other single chain polysaccharides, the helix pitch per residue (0.1 

nm) was quite smaller than the trimer state (0.3 nm).  This shrunken main-chain helical 

structure is most likely due to hydrophobic interactions between helical main chain and side 

groups. 

 

Key Words: -1,3-glucan, triple helix, single chain conformation, small-angle X-ray scattering, 

wormlike chain. 

 

 
 

1. Introduction 

Multiple helices are among the most abundant secondary structures of biopolymers, 

that is, DNA, collagen, and some polysaccharides.  The double or triple helices dissociate to 

single chain in certain specific solvent conditions or at high temperatures.  Since such 

polysaccharides, e.g., xanthan or schizophyllan (SPG), are classified as homopolymers, the 

renatured structures in aqueous solution may be different from that of the native state.  Indeed, 
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xanthan, a double helical polysaccharide, forms hairpin-like double-helical structures 

consisting of a single polysaccharide molecule in dilute solution [1-3], while double helical 

branched structure consisting of three or more xanthan molecules was observed when renatured 

at high concentrations [2, 4, 5].  Macromolecular cyclization behavior [6] was further found 

for SPG, a triple helical polysaccharide [7], and for a -1,3-glucan produced by Schizophyllum 

commune, containing a -1,6-linked glucose residue at every third main-chain residue [8, 9].  

Furthermore, stable hetero-triple helices consisting of two SPG and one nucleotide molecules 

have been investigated [10-12] as a basis for constructing DNA delivery systems [13].   

Although most research for such multiple helical biopolymers mainly focuses on the 

fixed helical structure, the single chain state is also important to elucidate the mechanism of 

formation of the above-mentioned higher order structures.  For example, both the chain 

conformation and hydration behavior of the single chain are definitely important for the thermal 

stability of triple-helical collagen model peptides [14, 15].  In the present study, we thus 

investigated single chain conformation of SPG in aqueous sodium chloride (NaCl) by means 

of synchrotron-radiation small-angle X-ray scattering (SAXS).  The obtained conformational 

properties were quite different from that predicted for a simple random coil. 

We extended this study to investigate carboxylated SPG (sclerox) [16] for which 

chemical structure is illustrated in Fig. 1.  In the figure, m and n mean the number of the repeat 

unit with oxidized and native side groups, respectively.  This sclerox should have higher water-

solubility due to ionized groups.  Indeed, it was reported that triple helical structure of sclerox 

tends to be untied in aqueous media by means of the X-ray scattering data [17] even at neutral 

pH.   We recently revealed  that relatively long sclerox chains retain the triple helical structure 

in aqueous NaCl at neutral pH, while the main chain is much more flexible than the original 

SPG in the same solvent [18].  Both the characteristics of the triple helix formation and 

polyelectrolyte nature of sclerox are of interest as the delivery system in vivo.   

 

 
Fig. 1. Chemical structure of carboxylated schizophyllan (sclerox).  Reprinted from ref [18], 

Copyright (2017), with permission from Elsevier. 

 

2. Experimental section 

2.1. Preparation of samples 

Two SPG samples, SPG-340K and SPG-540K, were prepared from a SPG 

sample (Mitsui Sugar Co., Tokyo, Japan) by fractional precipitation in the manner 

reported previously [19].  Two step oxidation was conducted with NaIO4 and NaClO2 

in aqueous solution to obtain sclerox samples.  The detailed procedure is reported 

elsewhere [20]. We chose two sclerox samples, SC18-340K and SC45-340K from 

SPG-340K and three sclerox samples, SC22-540K, SC24-540K, and SC43-540K from 

SPG-540K.  The degree of substitution (DS) defined as m / (m + n) was determined by 

potentiometric titration with 0.01 M aqueous NaOH containing 0.1 M NaCl after the 

deionization with an ion-exchange resin Amberlite IR-120B (Organo Co., Tokyo, 

Japan).  The obtained DS ranges between 0.18 and 0.45.  Taking into consideration that 
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the molar mass 3M0 of the repeat unit of SPG and fully substituted sclerox are 0.649 kg 

mol−1 and 0.693 kg mol−1, respectively, the average molar mass M0 per main chain 

saccharide unit is calculated to be 0.216 kg mol−1 for SPG and 0.219 – 0.223 kg mol−1 

for the current sclerox samples. 

 

2-2. Size-exclusion chromatography combined with multi-angle light scattering 

(SEC-MALS) 

SEC-MALS measurements were made on SPG-340K, SPG-540K, SC18-340K, 

SC45-340K, SC22-540K, SC24-540K, and SC43-540K to determine the weight-

average molar mass Mw and the dispersity index Ð defined as the ratio of Mw to the 

number-average molar mass.  A GPC-101 (Showa Denko KK., Kanagawa, Japan) 

chromatography system, a DAWN HELEOS II (Wyatt technology Co., USA) MALS 

detector, and a differential refractometer (RI) were used with serially connected SEC 

columns, a guard column (OHpak SB-G, Showa Denko) and two SEC columns (OHpak 

SB-806M-HQ, Showa Denko) set in a column oven at 40 C.  The flow rate of the eluent, 

100 mM aqueous NaCl, was set to be 1.0 mL min−1; we note that triple helical structure 

was retained in the solvent [20].  The MALS and RI detectors operated at room 

temperature around 25 C were calibrated with a poly(ethyleneoxide) sample SE-5 

(TOSOH Co. Ltd., Tokyo, Japan) for which Mw and Ð are 44.2 kg mol−1 and 1.03, 

respectively.  The experimental details and data analysis are the same as that in our 

previous paper [20].  

 

2-3. Small angle X-ray scattering (SAXS)  

SAXS measurements were carried out at the BL40B2 beamline in SPring-8 

(Hyogo, Japan) for SPG-340K, SC18-340K, SC45-340K, SC22-540K, SC24-540K, 

and SC43-540K in 200 mM aqueous NaOH containing 10 mM NaCl at 25 C to 

determine the single chain conformation both of SPG and sclerox samples in the solvent. 

Aqueous solutions of a standard sample, SE-5, were also measured at 25 C.  The 

wavelength 0 of the incident X-ray, the camera length, and the accumulation time were 

chosen to be 0.10 nm, 4.2 m, and 60 s, respectively.  The scattered X-ray was detected 

with a PILATUS3S 2M silicon pixel detector (DECTRIS, Baden, Switzerland).  The 

diffraction pattern of silver behenate was used to determine the accurate camera length 

and the position of the direct beam on the detector. The scattering intensity at each pixel 

was calibrated by the direct beam intensity detected at the lower end of the capillary cell.  

The solvent intensity was subtracted from that of the solution.  The resultant excess 

intensity data were circularly averaged by SAngler software [21] to determine the excess 

scattering intensity ΔI(q) as a function of the magnitude q of the scattering vector.  The 

ratio Rq/K of the Rayleigh ratio Rq to the optical constant K was estimated from the 

following equation [22, 23]. 

 

( )
( )PEO

PEOPEO

2
PEO

w,PEO
0

0

q

c
q

cR z
M I q

K z I q →
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=   
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Subscript PEO means the values for the standard sample, SE-5.  Here, z is defined as 

 

e,sz z v = −     (2) 
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where z, �̅�, and e,s are the number of moles of electron per unit mass of the solute, the 

partial specific volume, and the electron density of the solvent, respectively.  Assuming 

the literature �̅� value for SPG (0.619 mL g−1 [7]), z is estimated to be 185 mol kg−1 for 

SPG and 181 – 183 mol kg−1 for the sclerox samples. 

 

3. Results and Discussion 

The weight-average molar mass Mw,3 and the dispersity index Ð of the trimer state of 

SPG and sclerox samples in 100 mM aqueous NaCl are summarized in Table 1 along with DS.  

The obtained Mw,3 values for the sclerox samples are the same order of the original sample but 

tend to decrease with increasing DS.  Furthermore, the Ð values for some carboxylated samples 

are larger than the original SPG samples.  These results are consistent with our previous study 

on sclerox [20].   

 

Table 1 

Molecular characteristics of SPG and sclerox samples in aqueous media 

Sample DS 

Trimer a 

 

Unimer b 

Mw,3 / kg mol−1 Ð Mw,1 / kg mol−1 
A2 / 10−4 mol 

kg−2 m3 
S2z

1/2 / 

nm 

SPG-340K 0 342 1.24  106 4.0 9.1 

SPG-540K 0 544 1.41     

SC18-340K 0.18 335 1.13  85 0.7 8.5 

SC45-340K 0.45 230 2.01  108 2.2 9.9 

SC22-540K 0.22 525 1.29  97 1.5 9.4 

SC24-540K 0.24 501 1.31  146 1.8 11.2 

SC43-540K 0.43 486 1.51  101 2.1 9.5 
a From SEC-MALS in 100 mM aqueous NaCl. b From SAXS in 200 mM aqueous NaOH 

including 10 mM NaCl. 

 

  The square-root Zimm plots (Berry plots) for SPG-340K and SC43-540K in 200 mM 

aqueous NaOH including 10 mM NaCl are shown in Fig. 2 to discuss single chain conformation 

of the polysaccharide samples.  The second virial coefficient A2 and the z-average mean-square 

radius of gyration S2z were determined from the initial slopes of the extrapolated data points 

to q2 = 0 and c = 0, respectively.  The weight-average molar mass Mw,1 values calculated from 

the doubly extrapolated value to q2 = 0 and c = 0 are listed in Table 1 along with A2 and S2z
1/2.  

The obtained Mw,1 for SPG-340K is substantially the same as one third of the corresponding 

Mw,3, suggesting completely dissociation in the alkaline solvent.  While the ratio Mw,3/Mw,1 is 

close to 3 for SC24-540K, the values for SC18-340K, SC22-540K, and SC43-540K are larger 

than 3 possibly suggesting scission of the main chain in the synthesis process or overestimation 

of Mw,3 owing to aggregation.  In any case, it is reasonably supposed that these samples were 

dissolved as a single molecule or unimer in the alkaline solvent.  On the other hand, a smaller 

ratio (~ 2) was found for SC45-340K.  If we assume SC45-340K was dispersed as a single 

molecule in the solvent, the obtained Mw,3 value obtained by SEC-MALS is smaller than that 

for the trimer, suggesting partly dissociation even in the neutral solvent (100 mM aqueous 

NaCl).  Meanwhile, assuming that SC45-340K formed complete triple helix in the neutral 

solvent, triple helix might remain in the alkaline solvent.  In this case, the degree of dissociation 

 defined as the weight fraction of single chain can be estimated as 0.80 from  = 3(Mw,3 − 

Mw,1)/2Mw,3.  The large positive A2 values in the order of 10−4 mol kg−2m3 (or mol g−2cm3) 

supports good solubility in the alkaline solvent.  It should be noted that the concentration 

dependence of Kc/Rq is only significant at the lowest q range shown in Fig. 2.  
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Fig. 2.  Square-root Zimm plots (Berry plots) for SPG-340K (a) and SC43-540K (b) in 200 

mM aqueous NaOH including 10 mM NaCl at 25 C.  Filled circles and squares, extrapolated 

values to c = 0 and q2 = 0, respectively.  Dashed lines indicate the initial slope to determine 

S2z. 

 

Fig. 3 shows the Holtzer plot, that is, qP(q) versus q for the SPG and sclerox samples 

in the alkaline solvent.  The shape of the plots is typical for the wormlike chain for semiflexible 

polysaccharides [24].  We thus analyzed the data in terms of the touched-bead wormlike-chain 

model, P(q) of which is expressed as [25-27] 

 

( ) ( )
6 2

b b b
0

b

2
9 sin cos

2 2 2

qd qd qd
P q P q

qd

   
= −   

  
    (3) 

 

where db and P0(q) are the bead diameter (a measure of the chain thickness) and the particle 

scattering function of the thin wormlike chain, respectively.  P0(q) is written by the following 

equation 

 

( ) ( ) ( )1
0 2 0

2
;

L
P q L t I q t dt

L
 −= −     (4) 

 

Here, L is the contour length, −1 is the Kuhn segment length, and I(−1q; t) is the characteristic 

function, which can be calculated numerically by the approximate expression of Nakamura and 

Norisuye [28, 29]; note that −1 is the stiffness parameter and twice the persistence length.  The 

three parameters, L, −1, and db were determined unequivocally by means of a curve fitting 

procedure because appreciable horizontal region, ‘Holtzer plateau,’ is found around q = 1 nm−1, 

where the double logarithmic plot of P(q) and q has a slope of −1 as shown in the Supporting 

Information.  The height of the plateau is approximately related to /L, thus the parameter can 

be determined unequivocally.  Gradual depression at high q region determines the chain 

thickness.  The intramolecular excluded-volume effects are mostly negligible because the Kuhn 

segment number L ranges between 2.6 and 4.3 [30, 31].  The upward deviation from the rod 

limiting values (dashed line) indicates the semiflexibility to identify the chain stiffness 

parameter.  The resultant parameters are summarized in Table 2.  It should be noted that the 

chain stiffness parameter may be overestimated due to the relatively large molar mass 

dispersity of sclerox samples even though the actual Ð value cannot be estimated correctly for 

sclerox in the alkaline solvent taking the above-mentioned chain degradation into consideration.  
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The possible error on −1 is about 20 – 30 % when assuming Ð = 1.6 [24].  Next, let us consider 

the residual triplex in the alkaline solvent.  As described above, triple helix may remain for 

SC45-340K in the solvent for which weight fraction 1 −  is at most 0.20.  If we use the two-

state model consisting of triple helices and single chains, the z-average particle scattering 

function Pz(q) can be calculated by    

 

( )
( ) ( ) ( )1 3

z

3 1

3 2

P q P q
P q

 



+ −
=

−
    (5) 

 

where P1(q) and P3(q) are the particle scattering functions for the single chain and triplex, 

respectively.  When we chose the previously reported h = 0.51 nm and −1 = 32 nm for the 

triplex [20], the wormlike chain parameters for the single chain can be estimated to be h = 0.09 

nm, −1 = 12 nm, and db = 0.9 nm, indicating h and db are almost the same as that in Table 2 

(see Supporting Information).  It should be noted that the chain thickness of the triplex is 

insignificant for Pz(q) in the investigated q range.    

 

 
Fig. 3.  Holtzer plots of (a) SPG-340K, (b) SC18-340K, (c) SC45-340K, (d) SC22-540K, 

(e) SC24-540K, and (f) SC43-540K in 200 mM aqueous NaOH including 10 mM NaCl at 

25 C.  Solid curves indicate the theoretical values for the touched-bead wormlike chain with 

the parameters listed in Table 2.  Dashed curves are the theoretical values for the rod limit ( 

= 0).  
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Table 2 

Wormlike chain parameters of SPG and sclerox samples in 200 mM aqueous NaOH including 

10 mM NaCl 

Sample h / nm (L / nm) −1 / nm db / nm 

SPG-340K 0.10 (47  2) 13  2 0.8  0.3 

SC18-340K 0.10 (40  3) 17  2 0.7  0.3 

SC45-340K 0.10 (47  2) 18  3 0.9  0.3 

SC22-540K 0.12 (52  2) 12  2 1.6  0.2 

SC24-540K 0.09 (58  3) 18  3 1.0  0.2 

SC43-540K 0.11 (48  2) 16  2 1.4  0.2 

 

  The radius of gyration S2 for the wormlike chain model is calculated by the Benoit-

Doty equation [27, 32], 

 

( )2

2 3 4 2

1 1 1
  1 exp 2

6 4 4 8

L
S L

L L


   
= − + − − −       (6) 

 

The chain thickness effect is negligible for the current system.  The calculated S21/2 values 

with the parameters in Table 2 are slightly smaller (5 – 9 %) than the experimental data in Table 

1, suggesting the effects on the molar mass distribution.  We therefore concluded that both P(q) 

and S2 data for the current SPG and sclerox samples in 200 mM aqueous NaOH with 10 mM 

NaCl are consistently explained by the wormlike chain model. 

The obtained −1 value for SPG-340K (13 nm) is much smaller than the triple helix 

(−1 = 360 nm) [19] but consistent with that for the single chain of curdlan, unbranched -1,3-

glucan, in aqueous 300 mM NaOH (−1 = 12 nm) reported by Nakata et al. [33].  This value is 

not very different from those for the other polysaccharide, cellulose and amylose in some 

solvent systems [24].  Slightly higher −1 of sclerox samples (~ 16 nm) is most likely due to 

the electrostatic repulsion between the carboxyl groups.  The helix pitch h per main-chain 

saccharide unit defined as h  LM0/Mw,1 listed in Table 2 is almost the same for all the samples 

investigated.  It should be noted that h is generally called as the helix pitch (or helix rise) per 

residue and is different from the helix pitch and the chain scission effect is considered because 

Mw,1 was determined in the alkaline solvent. Surprisingly, these are much smaller than the 

triplex (h = 0.30 nm) in solution [19], suggesting shrunk helical conformation is formed in the 

solvent due to intramolecular hydrophobic interactions.  Such a small h value was also found 

for curdlan (h = 0.18 nm) in 300 mM aqueous NaOH [33] while much larger value (h = 0.38 

nm) was reported from the crystal structure of the single chain curdlan [34].  According to our 

recent research, tightly winding helical structure with relatively short h value can be stabilized 

for amylose derivatives when the side groups fit inside the helical main chain [35-38].  The 

shrunken helical structure for SPG and sclerox is thus most likely due to this specific interaction 

between the main chain and the side group as well as the intrinsic helical nature of -1,3-glucan.  

According to the previous research for another triple helical polymer, that is, collagen model 

peptides, they depicted that both enthalpy and entropy change by the dissociation of the triple 

helix are important to elucidate the stability of the higher order structure of collagen in vivo; 

this includes both hydration behavior and single chain conformation [39, 40].  Furthermore, 

hydrophobic interactions of polysaccharides are generally essential for the molecular 

recognition behavior such as complex formation of starch and iodine as well as cyclodextrin 

and various hydrophobic compounds.  Indeed, as is shown in the introduction, schizophyllan 

has specific molecular recognition ability of polynucleotide to form hetero triple helix 
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consisting of two schizophyllan and a polynucleotide chains [10] for which significant 

application is to construct a gene delivery system [13].  The single chain conformation 

restricted by the intramolecular hydrophobic interaction may be a key factor to elucidate this 

complexation.  Furthermore, the single chain conformation may also play an important role for 

the distinctive structure of renatured -1,3-glucan such as macromolecular cyclization [6] and 

fibrous formation [41]. 

 

4. Conclusion 

The single-chain conformation of native and carboxylated schizophyllan, for which 

main chain consists of -1,3-glucan, was investigated in 200 mM aqueous NaOH with 10 mM 

NaCl by means of SAXS measurements.  While the chain stiffness is similar to that for the 

other single-stranded polysaccharides, that is, curdlan, cellulose, or amylose, the local helical 

structure is much shrunken, which is similar for the other helical polysaccharides but the 

obtained helix rise per residue is much smaller than curdlan, a -1,3-glucan without side group.  

This is most likely due to the interaction between the main chain and side groups.  This specific 

conformational feature is expected to be a key factor to elucidate the function of -1,3-glucans, 

including the construction of gene delivery systems [42] and chemosensors [43].   
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Fig. S1. Double logalithmic plots of P(q) vs q for (a) SPG-340K, (b) SC18-340K, (c) SC45-

340K, (d) SC22-540K, (e) SC24-540K, and (f) SC43-540K in 200 mM aqueous NaOH 

including 10 mM NaCl at 25 °C.  Solid curves indicate the theoretical values for the touched-

bead wormlike chain with the parameters listed in Table 2.  Dashed curves indicate the slope 

of −1. 

 

 

Fig. S2.  Holtzer plots of SC45-340K in 200 mM aqueous NaOH including 10 mM NaCl at 

25 C.  A blue dotted curve indicates the theoretical values for the mixture of single chain and 

triplex (see text).  A solid curve is the same as that in Fig. 3. 

 


