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ABSTRACT: Recently, we found that schizophyllan belonging to a �-1,3-glucan polysaccharide family forms

macromolecular complexes with certain single-stranded polynucleotides. The specific complex formation is originated

from the �-1,3-glucan skeleton in the main chain. In this paper, we have reported that curdlan, which is a �-1,3-glucan

polysaccharide without a side chain glucose unit, shows unique poly(C) binding properties different from those of

schizophyllan; in the experiments using curdlan samples with the controlled molecular weight, the complexation ability

appeared only in a limited ‘‘Mw range window’’. Stoichiometric analysis revealed that the ‘‘Mw range window’’ appears

as a result of the competition between curdlan–curdlan self-association and curdlan–polynucleotide complexation. Fur-

thermore, when the experiments were extended to other polynucleotides such as poly(A), poly(dA) and poly(dT), the

‘‘Mw range window’’ also appeared at their characteristic molecular weights. We believe, therefore, that curdlan can be

applicable, in spite of its cheapness, as a precious functional material to gene technology.
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In nature, lots of biopolymers such as proteins,
polynucleotides and polysaccharides play critical
roles in various biological processes. In such process-
es, accurate polymer–polymer interactions systemati-
cally regulate the biological functions. Recently, we
found that schizophyllan, which is a natural and neu-
tral polysaccharide produced by fungus Schizophyllum
commune, can specifically form macromolecular com-
plexes with certain single-stranded polynucleotides.1–3

Stoichiometric analysis revealed that the complex
consists of one polynucleotide chain and two polysac-
charide chains.2 Interestingly, the complex is dissoci-

ated with a cooperative manner upon heating as being
similar to DNA duplexes.1 To the best of our knowl-
edge, this is the first example that the specific polysac-
charide–polynucleotide interaction is experimentally
evidenced.
Schizophyllan consists of a �-1,3-glucan main

chain structure and every third glucose unit has a �-
1,6-glucoside side chain as shown in Figure 1a.4,5 In
nature, it adopts a triple-stranded helical conformation
(t-SPG). Norisuye et al. reported that t-SPG is disso-
ciated into a single chain of schizophyllan (s-SPG)
when it is dissolved in dimethylsulfoxide (DMSO).6,7
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Figure 1. Repeating unit of polysaccharides: (a) schizophyllan and (b) curdlan.

yThis is the 16th paper in the series of ‘‘Polysaccharide–polynucleotide complexes’’.
yyTo whom correspondence should be addressed (E-mail: seijitcm@mbox.nc.kyushu-u.ac.jp).
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The s-SPG chain can regain the triplex conformation
by exchanging DMSO for water (renaturation).8,9

Our experiments have established that when the rena-
turation process is carried out in the presence of cer-
tain polynucleotides, the process creates a novel triple
helix (the complex formation is schematically shown
in Figure 2). In addition, it was also clarified that such
complexation can occur commonly in water-soluble
�-1,3-glucan polysaccharides such as lentinan and
laminaran.10 Among the novel complexation proper-
ties, the following properties are considered to be par-
ticularly important in its practical applications; that is,
(1) the thermal stability estimated from the dissocia-
tion temperature of the complexes is different in each
polynucleotide, indicating that the complexation has a
selectivity for each nucleobase2,11 and (2) the complex
formation between polynucleotides and polysaccha-
rides can be easily controlled by changing the medium
pH12 and adding the certain salt.13 Taking these prop-
erties into consideration, one can seriously consider an
idea to apply the polysaccharide to the gene separation
experiments. In fact, our preliminary result demon-
strated that schizophyllan-appended polymer resin
can act as a stationary phase for the polynucleotide
separation.14 In order to separate nucleotides, very ex-
pensive and bio-degradable nucleotide derivatives
have been used so far. In contrast, the polysaccha-
ride-appended polymer resin can be used repeatedly
without significant degradation of the appended-sac-
charide chains.
Among �-1,3-glucan polysaccharides, curdlan

without a side chain glucose unit (see Figure 1b) is
the most inexpensive and, therefore, has widely been
used for various applications such as additives for
food, paper and concrete, feeds for domestic animals
and fishes, anti-HIV agents, immunoactivators, drug
delivery vehicles, etc.15 Although curdlan is much less
expensive than schizophyllan, its poor water-solubili-
ty has been an obstacle to apply it to biological pur-
poses. Previously, we accidentally found that the wa-
ter-solubility is improved with the decrease in the

molecular weight and curdlan becomes possible to
form complexes with polynucleotides as being similar
to schizophyllan.16 In this full paper, we report our
new findings, that is, unique polynucleotide binding
properties of low-molecular-weight curdlan homo-
logues obtained by fractionation of the molecular
weight.

EXPERIMENTAL

Materials
Schizophyllan samples were kindly supplied by

Taito Co., Ltd. (Kobe, Japan). Laminari-oligosaccha-
ride mixture (degree of polymerization (DP): 8–15)
and laminarihexaose were purchased from Seikagaku
Corporation (Tokyo, Japan). Poly(C) (DP: 320), poly-
(A) (DP: 570), poly(dA) (DP: 300) and poly(dT) (DP:
260) were purchased from Amersham (NJ, USA).
DMSO (spectroscopic grade) was purchased from
Kishida Chemical Co., Ltd. (Osaka, Japan). All re-
agents were used without further purification. Low
molecular-weight curdlan samples were synthesized
according to the reported method.16

GPC Analysis
The molecular weights of the curdlan and schizo-

phyllan samples were evaluated by gel permeation
chromatography (GPC) using a TOSOH HLC-8020;
apparatus two �-4000 columns are connected in ser-
ies, LiBr (0.02mol dm�3) / DMF was used as elution
solvent and the instrument was calibrated by a poly-
ethyleneoxide standard (TOSOH Co., Japan).

Measurements and Instruments
All samples were prepared by mixing a polynucleo-

tide-containing water solution with a schizophyllan-
containing DMSO solution, according to the reported
method.2,11 This mixture was left at 4 �C for 3–10 d to
allow the complexation to complete. Unless otherwise
mentioned, the final concentrations were controlled as
follows:

renaturation

denaturation

t-SPG

s-SPG

polynucleotide

complexation

s-SPG/polynucleotide complex

Figure 2. Schematic illustration of the complex formation between polynucleotide and schizophyllan. In the illustration, light gray

lines represent a schizophyllan chain and dark gray ones represent a polynucleotide chain.

Specific Mw Binding Window of Curdlan for Polynucleotides

Polym. J., Vol. 36, No. 5, 2004 381



[poly(C)] ¼ 2:5� 10�4 mol dm�3/monomer unit,
[poly(A)] ¼ 2:4� 10�4 mol dm�3/monomer unit,
[poly(dA)] ¼ 0:7� 10�4mol dm�3/monomer unit,
[poly(dT)] ¼ 0:7� 10�4mol dm�3/monomer unit.
The concentrations of schizophyllan and curdlan

were controlled to be a stoichiometric number to pre-
vent the precipitation of excess high molecular-weight
curdlan. The CD spectra were measured on a Jasco J-
820KS spectropolarimeter in the 240–340 nm region
using a 1 cm cell equipped with a water-jacket to con-
trol the cell temperature.

RESULTS AND DISCUSSION

Preparation of Low-molecular-weight �-1,3-Glucan
Samples
Low-molecular-weight curdlan samples were pre-

pared by acid hydrolysis according to the reported
method16 and those of schizophyllan was kindly sup-
plied by Taito Co., Ltd. Their molecular weights
(Mw) were evaluated by gel permeation chromatogra-
phy (GPC) using polyethyleneoxide as a standard. The
sample codes and the molecular weight data of schiz-
ophyllan and curdlan are summarized in Tables I and
II, respectively.

Molecular Weight Effect on the Complexation with
Poly(C)
It is already known that the complex formation be-

tween �-1,3-glucan polysaccharides and poly(C) indu-

ces characteristic changes in the circular dichroism
(CD) spectrum; the ½��275 value is enhanced by about
50% and a new band appears at around 245 nm, where
½��275 is the molecular ellipticity at 275 nm.1,10,16

Figure 3a compares the CD spectra for the mixtures
of poly(C) and curdlan samples at 5 �C and Vw ¼
0:75, where Vw is the water volume fraction in the
water-DMSO mixture. At Vw ¼ 0:75, all curdlan sam-
ples are dissolved in the solution whenever the com-
plex is formed with poly(C). The clear enhancement
of the ½��275 value is observed for the mixtures of
LAMmix/poly(C), CUR7/poly(C), CUR5/poly(C),
CUR4/poly(C), CUR3/poly(C) and CUR2/poly(C),
whereas the CD spectra for the mixtures of CUR1/
poly(C) and LAM(6)/poly(C) are identical with that
of poly(C) itself, indicating that CUR1 and LAM(6)
cannot form the complex with poly(C). We plotted
the �½��275 value corresponding to the increment of
the cytosine stacking in poly(C) against their molecu-
lar weight as shown in the inset in the figures. The en-
hancement of the ½��275 value can be observed for the
LogMw range from 3 to 5. In addition, the ½��275 val-
ues result in a maximum at around 4 and become
small in the lower and higher molecular weight range.

Table I. The molecular weight data of schizophyllan

Sample codes Mn Mw Mw/Mn

SPG1 201,000 446,000 2.22

SPG2 78,700 131,000 1.67

SPG3 18,400 25,400 1.38

SPG4 10,600 16,700 1.58

SPG5 3,920 6,890 1.76

SPG6 1,810 2,240 1.24

SPG7 941 1,740 1.85

SPG8 415 1,090 2.62

Table II. The molecular weight data of curdlan

Sample codes Mn Mw Mw/Mn

CUR1 1,730,000 2,320,000 1.34

CUR2 67,000 87,000 1.37

CUR3 14,400 22,600 1.58

CUR4 7,600 12,100 1.59

CUR5 5,190 8,640 1.67

CUR6 3,590 5,680 1.58

CUR7 2,230 2,580 1.16

LAMmix
a 1,540 1,870 1.21

LAM(6)b 914 982 1.07

aLAMmix: laminarioligosaccharide mixture (DP = 8–

15), bLAM(6): laminarihexaose

Figure 3. CD spectra for the mixtures of poly(C) and curdlan

samples (a) and poly(C) and schizophyllan samples (b). Inset in

the figure shows the relation between �½��275 and the molecular

weight of the polysaccharide.
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On the other hand, Figure 3b shows the CD spectra for
the SPG/poly(C) complexes. The enhancement of the
½��275 value for the SPG/poly(C) complexes occur in
the LogMw above 3 and the value reaches a plateau
in the LogMw above 3.3. In contrast to the curdlan
system, the decrease in the ½��275 value in the higher
molecular weight region is not observed for the SPG
system.
To obtain a better insight into the molecular weight

effect, we plotted the melting temperature (Tm)
against their molecular weight. The Tm values were
estimated from their [�] vs. T melting curves accord-
ing to a conventional method.17,18 As shown in
Figure 4, a plot of Tm against their LogMw shows
an upward convex; the CUR4/poly(C) complex has
the highest Tm value and the values become smaller
as the Mw becomes higher or lower than that of
CUR4. This feature is consistent with the relation ob-
served for the �½��275 LogMw plot (inset in Figure
3a). It is undoubted, therefore, that curdlan possesses
a unique poly(C) binding property with a limited
‘‘Mw range window’’.

Appearance of a Limited ‘‘Mw Range Window’’
It is known that the thermal stability of the DNA

duplex increases as the polymer chain becomes
long.17 Therefore, one can easily understand the Mw

effect observed for schizophyllan. However, the be-
havior observed for curdlan is different from that of
DNA or schizophyllan. The unusual Tm vs. LogMw

plot suggests, therefore, that some unexpected interac-
tion inherent to the curdlan skeleton is operative in the
higher Mw range. To clarify the reason why the cur-
dlan/polynucleotide complexes become thermally un-
stable in the higher Mw range, we measured the Job
plots for the curdlan/poly(C) complexes as shown in
Figure 5, where �CD275 is defined by Eq (1),

�CD275 ¼ CD275 �
Mcurdlan

Mpoly(C) þMcurdlan

� CD275;poly(C)

ð1Þ

where CD275 and CD275;poly(C) are the observed CD in-
tensities at 275 nm for a mixture of poly(C) and cur-
dlan and poly(C) itself, respectively, and Mpoly(C)

and Mcurdlan are the molar concentrations of cytidine
and the repeating unit of curdlan (to compare with
schizophyllan, the repeating unit here denotes the
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Figure 4. Plots of Tm of the poly(C) complexes as a function

of the molecular weight of the saccharide chain: (a) curdlan and

(b) SPG.
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three glucose units in curdlan), respectively.
According to our previous studies,2,13 the polysac-

charide–polynucleotide complexes have a specific sto-
ichiometric number, 0.4. Figure 5a shows a plot of the
�CD275 against the molar ratio of curdlan for CUR3
as a typical example. We have found that the maxi-
mum for CUR3, CUR4, CUR5 and CUR7 all appears
at 0.4, which supports the view that, as in the SPG/
poly(C) complexes,2 the curdlan complexes also con-
sist of two curdlan chains and one poly(C) chain. In
contrast, the maximum for the CUR2/poly(C) com-
plex appears at 0.6 (Figure 5b), which means that
more glucose units of curdlan are used to bind to
poly(C). CUR1, whose molecular weight is higher
than CUR2, does not form the complexes but just pre-
cipitates after the self-assembling renaturation proc-
ess. It is known that the high molecular-weight cur-
dlan cannot dissolve in water to form a stable
triplex. We consider, therefore, that the higher molec-
ular-weight curdlan such as CUR1 is more hydropho-
bic and the curdlan–curdlan interaction overcomes the
curdlan–poly(C) interaction. CUR2 is a curdlan hav-
ing a critical molecular weight, shifting from the cur-
dlan self-association mode to the poly(C) complexa-
tion mode.
Then, we confirmed whether the ‘‘Mw range win-

dow’’ also appears at the different Vw. According to
our previous studies2 schizophyllan can form com-
plexes with polynucleotides in the Vw range above
0.50. Figure 6 shows the plots of Tm against their mo-
lecular weights at Vw ¼ 0:67 and 0.83. As shown in
the figure, curdlan has a ‘‘Mw range window’’ in both
Vw systems. Namely, the binding generally appears in
the complexation behavior of curdlan and can be re-
garded to be a characteristic feature of curdlan.

‘‘Mw Range Window’’ for Various Polynucleotides
To investigate whether the ‘‘Mw range window’’ is

also observed for other polynucleotides, we extended
the measurements to poly(A), poly(dT) and poly-
(dA),19 which are known to form complexes with

schizophyllan.1,2 As a result, curdlan can also form
complexes with poly(A) and poly(dA), whereas
poly(dT) cannot. Figure 7 plots the Tm values of the
complexes as a function of their molecular weight
and compares them between curdlan and SPG. As
can be seen, curdlan shows a ‘‘Mw range window’’
not only for poly(C) but also for both poly(A) and
poly(dA), although the windows are somewhat nar-
rower. On the other hand, the ‘‘Mw range window’’
has never been observed for SPG even though the
Mw is increased up to 446,000. The position of the

3.0 3.5 4.0 4.5 5.0 5.5
10

15

20

25

30

35

T
m

 / 
°C

Log Mw

Vw=0.67(a)

3.0 3.5 4.0 4.5 5.0 5.5

26

28

30

32

34

T
m

 / 
°C

Log Mw

Vw=0.83(b)

Figure 6. Plots of Tm of the curdlan/poly(C) complexes as a function of the molecular weight of curdlan: (a) Vw ¼ 0:67 and

(b) Vw ¼ 0:83.
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‘‘Mw range window’’ is characteristic for each polynu-
cleotide; poly(A) can form complexes with curdlan in
the LogMw range from 3.4 to 4.0 and poly(dA) from
3.4 to 6.0.

CONCLUSIONS

We found, for the first time, that curdlan and schiz-
ophyllan show a different complexation ability for
polynucleotides and only curdlan has a unique ‘‘Mw

range window’’ specific to each polynucleotide. The
stoichiometric number obtained from Job plots indi-
cates that this window appears as a result of the com-
petition between curdlan–curdlan self-association and
curdlan–polynucleotide complex formation. We be-
lieve that these findings are useful to apply curdlan
as a new functional material to gene technology: that
is, commercially-available curdlan is really inexpen-
sive but the appropriate molecular-weight control en-
ables us to utilize it as a novel and precious DNA or
RNA binder.
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