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Summary

Seven fractions of a (A3)-0-D-glucan fromGanoderma lucidunthave been studied by
light scattering, sedimentation equilibrium, avidcometry in dimethylsulfoxide (DMSO)
containing 0.25 M lithium chloride at 25. The intrinsic viscosityrf] - molecular weight
relation for this glucan in the mixed solvent is found to be represented approximately by [
= 0.071M,*® cn? ¢" in the range of weight-average molecular weightstudied, i.e.,
from 8 x 10 to 4.4 x 1@ Its analysis based on current theories for wormlike chains
shows that, without excluded volume effect, the. 8)-a-D-glucan chain is characterized
by a linear mass density of 380 hna Kuhn segment length of about 3 nm, and a
diameter of 1.2 nm and is somewhat more extended but more flexible than amylose, a
(1-44)-a-glucan, in DMSO.

Introduction

Experimental exploration of the relationship betweengtiieosidic bonding geometry and

the chain conformation is basic to our systematic understanding of physical properties of
linear homoglucans, but dilute-solution data available to date are yet limited by and large to
(1-4)a-, (1-4)B-, and (1 3)-B3-D-glucans (1-6). The lack of solution data for-(3)-
a-D-glucans may be attributed to the unavailability of test samples.

Very recently, we found from liquid chromatography, NMR, infrared spectroscopy, and
other techniques that the water-insoluble polysaccharide extracted from the fruiting body of
Ganoderma lucidumRheishj is a linear (1.3)-0-D-glucan and dissolves in 0.25 M
LICI/DMSO, i.e., dimethylsulfoxide (DMSO) containing 0.25 M lithium chloride, at room
temperature (7). Thus, in the present work, we prepared3)t-glucan fractions of
different molecular weights and studied them by light scattering, sedimentation equilibrium,
and viscomery in 0.25 M LIiCI/DMSO, hoping to deduce some conformational
characteristics of the glucan. The intrinsic viscosity]) (data obtained as a function of
weight-average molecular weigM, are analyzed below on the basis of the wormlike
chain (8) or more generally the helical wormlike chain (9).
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Experimental

Samples

The (1-3)-a-glucan samples GL4-1 and GL4-2 (7) previously extracted Rimaishi

with 1 N aqueous NaOH at 25 and°G5 respectively, were fractionated as follows. A
mixture of acetone and 0.25 M LIiCI/DMSO (4: 1 by volume) was slowly added to a 0.25
M LiCI/DMSO solution of each sample (about 1% polymer concentration) &t @il the

solution became turbid. The liquid was then heated (or cooled), but its turbidity remained
unchanged. After being brought to°€5and allowed to stand for several hours, the turbid
solution was centrifuged at about°@5to separate the concentrated phase. The supernatant
was subjected to further fractionation. In this way, samples GL4-1 and GL4-2 were
divided into 13 and 8 parts, respectively. Some of the products were further fractionated
by repeating the above procedure once or twice to extend the molecular weight range of the
study as wide as possible.

From a number of fractions thus obtained, seven middle ones sufficient in quantity for
molecular weight determination were chosen and designated A-1, A-2, A-3 (from GL4-2),
B-1, B-2, B-3, and B-4 (from GL4-1). These fractions were reprecipitated from 0.25 M
LiCI/DMSO solutions into 80% aqueous acetone, washed with 50% aqueous acetone three
times and anhydrous acetone six times, and dried in vacuum for seven days.

Light Scattering

Weight-average molecular weights for five higher molecular weight fractions, A-1, A-2, A-

3, B-1, and B-2, were determined by static light scattering (Fica-50 photometer) in 0.25 M
LICI/DMSO at 25C using vertically polarized incident light of 436-nm wavelength (see
ref. 10 for the experimental procedures). The intensity data obtained were analyzed by the
square-root plots ofKE/Ry)¥ vs sid(82) and Kc/Ry)¥ vs ¢, whereK is the optical
constantc the polymer mass concentration, dRdthe excess reduced scattering intensity

(for vertically polarized incident light without analyzer) at scattering afigiée estimated
molecular weights and seconiial coefficients were corrected for optical anisotropy by

the conventional method (11), since appreciable depolarized scattering was observed when
an analyzer was set in the horizontal direction. The optical anisotropy daappearing in

the relation,Rs,,, (the depolarized component) 3KEM, atc = 0 andf = 0, increased

up to 0.03 with decreasing molecular weight, but its molecular weight dependence was not
analyzed.

Test solutions were made optically clean by filtration through Teflon Millipore filters
followed by centrifugation at about 2.5 x *l@ravities for 2 h. Prior to this optical
clarification, they had been heated at@%or 20 min to minimize aggregation effects on
scattering intensities at lo. This procedure was essential to obtain reproducible data.
Virtually no change inij] at 25C was observed before and after the heating.
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The specific refractive index incremerdnfdc), in 0.25 M LICI/DMSO at 28C was
determined for dialyzed solutions of fraction B-2 to be Q.@B@l 0.058cnT g* at 436

and 546 nm, respectively, using a modified Schulz-Cantow type differential refratometer.
The subscript p attached @nfdc) signifies the condition that the chemical potentials of all
diffusible components are held constant. Té@ao), value of 0.056cnT g* at 436 nm

is slightly smaller than that (0.056n7 g*) determined previously (7) for a purified GL4-

2 fraction at the same wavelength. In the present work, we used the former for B-1 and B-
2 and the latter for A-1, A-2, and A-3.

Sedimentation Equilibrium

The molecular weights of fractions B-3 and B-4 were determined by sedimentation
equilibrium in a Beckman Model E ultracentrifuge with 0.29.1@l/DMSO at 25C as the
solvent. A Kel-F 12-mm double sector cell was used and the liquid column was adjusted
to about 2 mm. The rotor speed was chosen to be 24000 or 28000 rpm.

Densitiesp were measured as a function offor dialyzed solutions of B-2 using a
bicapillary pycnometer of 30-cm

capacity. The value ofof/dc), in 0.25 ¢/ 10%gem™

M LiCI/DMSO at 25C was 0.234. 0 1i0 2.IO 3.0
r B-2

Viscometry

fractions B-3 and B-4, the differenc
between solvent and solution densiti

was taken into account in the evaluati A2
of the relative viscosity; the partic 2F // A-1

(KC/RO)HZ /10 3m0l1/2g 12

Viscosities of 0.25 M LiCI/DMSO 6L B-1

solutions of all fractions were measure =

at 25C wusing a conventiona 5k

viscometer of the Ubbelohde type. F <

the two lowest molecular weigh 4L
/

specific volume in 0.25 M LiCI/DMSO —

; : 1 1 I
at 250 determined _1for undialyzec 0 05 10 15
solutions was 0.663 cig". ¢/ 10%gom’
Results Figure 1. Plots of (Kc/Ro)1/2 vs. ¢ for
Figure 1 illustrates the concentratic indicated fractions of the Rheishi
dependence of K(C/F?O)l/2, ie. the (1> 3)-a-D-glucan in 0.25 M

LiCl/DMSO at 25°C.

zero-angle value ofKc/Re)'?, for the
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indicated fractions of th&heishiglucan. The plotted points for each fraction follow a
straight line, whose intercept and slope give apparent valubg aind A, (the second
virial coefficient). The true values obtained by correction for optical anisotropy are
summarized in Table I, along with the dataMyf and A, for fractions B-3 and B-4 from
sedimentation equilibrium and those @ff and k' (the Huggins constant) for the seven
fractions.

Table I. Results from light scattering, sedimentation equilibrium, and
viscosity measurements on (1—3)-o-D-glucan fractions in 0.25 M
LiCl/DMSO at 25°C

fraction ~ Myx 104  A2x 104  [1]/cm3 gl k'

Al 44.52 1.252 154 0.39
A2 29.02 1.84a 133 0.38
A3 20.82 3.262 122 0.38
B-1 5.692 6.792 54.0 0.38
B-2 3.732 6.312 37.0 0.45
B-3 1.19% 30b 19.7 0.51
B-4 0.82b 30b 16.1 0.50

a from light scattering.
b from sedimentation equilibrium.
¢ in units of mol g2 cm3,

The molecular weight dependence gf for the (1- 3)-a-glucan in 0.25 M LiCI/DMSO is
shown in Figure 2, which includes our previous data (7) for a purified GLA-2 saiple (
= 1.95 x 10 and ] = 102 cni g’). The solid curve fitting the plotted points is
represented byn] = 0.07M,”* cni’ g*. The viscosity exponent 0.6 suggests that the
glucan chain be flexible.

The dashed, dotted, and dot-dash lines in Figure 2 represent the published-ldog[

M,, relations for cellulose [(Z4)-3-D-glucan] in water-diluted cadoxen (3,4), amylose
[(1-4)-a-D-glucan] in DMSO (1), and curdlan [{13)-3-D-glucan] in water-diluted
cadoxen (5), respectively. The line for tRbeishiglucan appears far below that for
cellulose but appreciably above those for amylose and curdlan in the redignbefow

10, implying that, when compared at the same but not-too-high molecular weight, the
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(1-3)a-glucan chain is more extended than the-4}-a-and (1-)-B-glucan
molecules. This is in line with the early computer modeling by Rees and Scott (12), who
predicted on the basis of hard-core potentials that, while the most stable conformations of
(1-4)a- and (1-3)-B-glucans are helical, that of {13)-a-glucan is ribbon-like and
extended. X-ray diffraction analysis by Ogawa et al. (13) shows th&){d-glucan

chain in the cryslalline state to be nearly completely extended with a fiber repeat of 0.844
nm (the contour length per glucose residue equals 0.422 nm). The point is that, though
none of these single polysaccharide chains can maintain such regular structure in solution,
the magnitude ofrj] of each glucan at very loM, reflects the geometry of glycosidic
linkage and hence the local chain conformation. Note that at Mjgtr] is strongly
affected by chain flexibility (or stiffness) and intramolecular excluded-volume effect.

Discussion
Data Analysis 103 -
We analyze the viscosity data

for the Rheishi glucan in
Figure 2 on the basis of the _
Yoshizaki - Nitta - Yamakawa m:
theory (14) for the intrinsic e
viscosity 7], of an unper- =
turbed helical wormlike (HW)

chain (9) combined with the
guasi-two-parameter (QTP) 10
theory (9,15,16) for excluded- "™ i o
volume effects, confining our- 104 10 106
selves to the wormlike chain My

limit of the HW chain. The
former theory in this limit
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Figure 2. Molecular weight dependence of [1] for
the Rheishi (1- 3)-a-D-glucan in 0.25 M

contains three parameters, LiCl/DMSO at 25°C (circles), compared with the
(the contour length of the

chain), A* (Kuhn’s segment
length or more generally the
stiffness parameter in the HW
chain), andd (the chain diame-
ter in the bead model). The first parameter is related to the molecular Weight_ =

M/M,, with M, being the molar mass per unit contour length. In the QTP scheme, the
cube of the viscosity expansion factwy; (= [1]/[1],), may be expressed as (9)

published relations for cellulose in water-diluted
cadoxen (3,4), amylose in DMSO (1), and
curdlan in water-diluted cadoxen (5).
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o3 = (1 +3.87+ 1.952)03 o))

if the Barrett function (17) is adopted. Herejs the scaled excluded-volume parameter
defined by

Z = (3/4)K(\L)z )

with

z = (3/2m)32(AB)(\L)1/2 3

In egs 2 and 3K(AL) is a known function ofAL (16) andB is the excluded-volume
strength defined for the wormlike chain By= B/a’, with  anda being the binary cluster
integral and the bead spacing, respectively. Thugof a givenM is determined by,

A, d, andB. Equation 1 is known to be a good approximation to lieanopolymers,

both flexible (9) and stiff (18).

We may takeM, of the Rheishiglucan to be 380 nfma value obtained from the
monomeric length 0.422 nm along the chain contour of the3jfi-glucan in the
crystalline state (13). With thiM,, we estimated\”, d, and B so that the theory of
Yoshizaki et al. with eq 1 gives the best agreement with gudgta. Equally close
agreements were found for a number of parameter sets within the rangegosh 2.6

and 3.4 nmd from 1.1 to 1.3 nm, anB from 0.10 to 0.31 nm. The large uncertainty in
each parameter arose not only from scatter of data points but also from the relatively
narrow range of molecular weight studied, aridd, andB for the a-glucan chain were
determined only with moderate accuracy as 3.0 (£ 0.4) nm, 1.2 (+ 0.1) nm, and 0.21 (£
0.11) nm, respectively. Figure 3 shows that our data are fitted by the solid curve
computed withM, = 380 nni, A*, = 3.0 nm,d = 1.2 nm, and8 = 0.21 nm. The dashed

line in the figure represents the theoretical valuesrfiyr A point to note is that, though

this unperturbed line somewhat varies depending on the choice of parametei Setsdof

d within the above uncertainty, excluded-volume effectsrprafe significant, at least, for

M, above 4 x 10

Conformational Characteristics

The ™ value of 3.0 (+ 0.4) nm estimated above leads to the conclusion that tBdd

glucan chain in 0.25 M LiCI/DMSO is very flexible. In fact, this value is even smaller than
that (4.0 nm) for amylose in DMSO (at°g5, which is locally helical but randomly coiled

as a whole (1,19). Although the bead diameter of 1.2 (+ 0.1) nm for our glucan is
considerably larger than what is expected from the chemical structure (about 0.7 nm), it is
comparable to that (1.4 nm) of solvated amylose molecules in DMSO (1). Thus the
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(1-3)-a-glucan chain in 0.25 M LICI/DMSO should also be solvated by DMSO
molecules or their complexes with LiCl.
We finally touch on the
characteristic ratioC., at infinite
chain length, which may be
written in terms of the wormlike
chain parameters as

100

Co =M/AM,1) 4) .

whereM, is the molar mass of ¢
glucose residue aridis the virtual
bond length equal to the distanc
between two successive glycosid
oxgens O(3) and O(3) in the 10 o o 0
present case. According to X-ra M
i W

analysis (13),1 of (1-3)-a-

glucan is equal to 0.42 nm, whic Figure 3. Comparison between the measured [7]]
happens to be very close to or (circles) for the Rheishi (1—3)-o-D-glucan in 0.25
half the fiber repeat. Introductior M LiCl/DMSO at 25°C and the theoretical values

il L L1l L IR

6

of this| value together wittM, = (solid line) calculated from the theory of Yoshizaki
380 nni, A* = 3.0 (+ 0.4) nm, et al (14) with eq 1 for the perturbed wormlike
andM, = 162 into eq 4 yields 7.7 chain with My, =380 nm-1,A-1 =3.0nm, d =12
(+ 1.0) for C, of the (1-3)-a- nm, and B = 0.21 nm. The dashed line refers to

glucan chain. Interestingly, thi¢ the unperturbed state.

C. is significantly larger than the

value of 4.5 for amylose in DMSO (1), despite the above-mentioned fagt tiat the
(1-3)-0-glucan is smaller than that for the (#)-a-glucan. This finding gives an
additional example th&l, is not a direct measure of chain stiffness (9).
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