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Abstract—Microscopic studies of the complex between poly(C) and schizophyllan (SPG), employing both AFM and SEM, revealed

that the complex takes the same rod-like architecture on the mica surface as those of the renatured SPG and the original triple helix

of SPG, indicating that the complex also has a helical structure. The SEM observations showed the helical pattern on the rod

surface, only when the sample was metal shadowed. The pitch evaluated from the image is comparable with that obtained from

crystallographic data. The ability to visualize the helical structure can be explained from the hypothesis that the platinum grains may

assemble on the sample using the molecular surface of the SPG (or complex) as the template.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Schizophyllan is a cell-wall polysaccharide produced by

the fungus Schizophyllum commune. The main chain

consists of b-(1fi 3)-DD-glucan with one b-(1fi 6)-DD-

glucosyl side chain linked to the main chain at every

three glucose residues (see Fig. 1a).2 Norisuye and co-

workers3;4 showed that schizophyllan adopts a triple
helical conformation (see Fig. 1b) in water and a ran-

dom coil in dimethyl sulfoxide (Me2SO). When water is

added to the Me2SO solution (renaturation), the single

chain of schizophyllan (s-SPG) collapses owing to for-

mation of hydrogen bonds.5 McIntire and Brant6 and

Young and Dong7 independently showed that the triple

helical structure can be retrieved when the renaturation
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process is carried out in considerably dilute solutions

(ca. 4–30 lg/mL). Recently, Sakurai and Shinkai1;8–10

found that s-SPG forms a macromolecular complex with

poly(C) when the polynucleotide is present in the rena-

turation process. They found that the complexation

proceeds in a highly stoichiometric manner that is to

say, two schizophyllan repeating units and three poly(C)

units are bound in the complex.9 This stoichiometric
number can be interpreted in terms of two SPG chains

and one poly(C) chain forming a new triple helix

structure.9;10

According to X-ray crystallographic studies,11–13 the

triple helical schizophyllan (t-SPG) and the single chain

of poly(C) form a right handed 61 triple helix with a

1.8 nm pitch and a right handed 61 helix with a 1.86 nm

pitch, respectively. Since both helix parameters are sur-
prisingly similar, we can assume that the helix formation

from poly(C) and s-SPG chains may not induce either a

large conformational change or an unfavorable entropy

gain. If an enthalpy driving force (such as charge

transfer or hydrogen bonding) is present between

mail to: sakurai@env.kitakyushu-u.ac.jp,


Figure 1. Repeating unit of schizophyllan (a) and a representative

model of the triple helix (b); the balls represent the side chains.
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poly(C) and s-SPG, two different chains can form a

helical complex. In fact, our previous work9 showed that

the hydrogen-bonding interaction plays an important

role in the complexation. Using the Discover 3 program,

we took out one glucan chain from t-SPG and tried to fit

one poly(C) chain into the groove occupied by the

absent glucan.10 We found that replacing one glucan
chain by the poly(C) chain can be achieved easily without
Figure 2. The most stable structure for the poly(C)/s-SPG complex obtained

by the CPK model and the poly(C) chain by a ball-and-stick model.
inducing significant steric hindrance. After replacing the

glucan chain with poly(C), the most stable conformation
for poly(C) in the groove was determined by molecular

mechanics using the Amber force field, and the resultant

structure is shown in Figure 2.10 The glucan chains are

presented by the CPK model and the poly(C) chain by a

ball-and-stick model. As shown in the figure, the ribose

takes 30-endo conformation and the fourth amino group

in the cytosine comes close enough to the second oxygen

in s-SPG to form a hydrogen bond. All the above results
are consistent with the speculation that the poly(C)/

s-SPG complex forms a triple helix and that the helix

parameter is similar to that of t-SPG. However, all of

these results are still circumstantial evidence. The pur-

pose of this paper is to present more direct visual evi-

dence on the nature of the molecular complex.

Microscopic observation of biomolecules is a chal-

lenging issue,14;15 and much work has been dedicated
toward observation of the double helix of DNA.15–17

Only a few papers have so far suggested that true helicity

of the DNA structure can be seen with atomic force

microscopy (AFM).15;16 The difficulty is caused by the

fact that the radius of the tips are generally larger than

the pitch of the helix, and that the structure of the

molecules is generally fairly flexible, and probably dis-

torted by the imaging process. There are a considerable
number of rod-like polysaccharides that have been

imaged by AFM, including xanthan,18 acetan,19 gellan,20

amylose,21 and carrageenans.21 However, due to the

imperfect tip reading and the distorted image, there are

only a few studies on acetan that show helical repeats

consistent with that of X-ray diffraction data.19 McIntire

and Brant6 and Stokke et al.22 independently observed

three b-(1fi 3)-DD-glucans (scleroglucan, schizophyllan,
and lentinan) with AFM and found that the natural

glucans exhibit a rod-like architecture, which is expected

from the studies on the dilute solution properties of

those polymers. They also showed that the renatured

materials may appear as macrocycles, depending on the
by molecular mechanics calculations. The glucan chains are presented
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renaturing conditions.6 However, the resolution was not

good enough to observe the helicity of these polysac-
charides. Kunitake and Ohira23 used AFM to observe

the conformation of schizophyllan. They reported some

helical pattern on the molecule; however, the observed

helicity was not consistent with the crystallographic data.

If the speculation that the complex forms a novel

triple helix is valid, then we should be able to see a rod-

like architecture for the complex. In this work, using

both AFM and scanning electron microscopy (SEM),
we have imaged the molecular architecture of the

poly(C)/schizophyllan complex and compared it with

that seen for renatured schizophyllan.
2. Results and discussion

2.1. AFM observation and rod-like architecture of the

complex

Figure 3 compares the AFM images obtained when the

s-SPG/poly(C) molar ratio is varied from 0 to 1.0. When
the ratio is 1.0:0 (only renatured s-SPG, Panel 1), the

image shows a mixture of rods and rings. Although the

results are not presented, the image for t-SPG showed

only rods with a similar length to that of the rods in Panel

1. The height of each rod or ring is about 2–3 nm, being

consistent with that for the schizophyllan triple helix.

The data shown in Panel 1 is consistent with that in

reported studies for the renatured s-SPG samples.6;18;22

All the experimental facts indicate that the rod represents

the molecule, namely, a triple helix has been made from

s-SPG in the renaturation process. We measured the

contour length of the rods ðLÞ in this panel as well as

other AFM images taken under the same conditions, and

plotted the results as the distribution of L in Figure 4B.

For comparison, the distribution of L for t-SPG is pre-

sented in Figure 4A.
Using the gamma distribution (see the Experimental

section), we evaluated the most suitable parameters to

provide the matched distribution for the data, and the

result is presented by the solid line. For both t-SPG and

s-SPG, the data points are well fitted by a standard

gamma distribution with a ¼ 4:4 (when x ¼ L=40).
Table 1 summarizes the number average L and the

number-average molecular weight ðMnÞ and the weight-
average molecular weight ðMwÞ. All the statistical data

for the renatured s-SPG agree with those of the original

triple helix, indicating that the rod-like images in Panel 1

represent individual molecules, and the molecules have

an equivalent molecular weight and distribution to those

of the original triple helix. This fact evidences that the

renaturation occurred via three individual s-SPG chains.

Both Mn and Mw listed in the table are approximately
20% larger than those determined from gel-permeation

chromatography (see the Experimental section). This
discrepancy may be ascribed to an experimental error

due to different technique, or suggests that we could not
omit the aggregates completely when we measured L.
There is a minor second maximum (or deviation from

the gamma distribution) in the range of 300–400 nm.

The origin of this maximum may be the molecular

aggregates. There are some rings observed in Panel 1 as

minor species. As has previously been pointed out,6

these images are probably made from one or two s-SPG

chains due to ring closure. When we measured the length
of the molecules, we omitted these rings.

Panel 5 in Figure 3 shows the image obtained for

poly(C). This consists of only circular dots, which seems

typical for flexible chains.24 Therefore, we can consider

that the circular dots represent poly(C) molecules that

are not involved in complexation with s-SPG. When we

observed three mixtures of poly(C) and s-SPG (Panels

2–4), the rod population decreased and the dot popu-
lation increased with increasing the poly(C) composi-

tion. However, even for the stoichiometric mixture

(Panel 3), dots are observed. Hence the question needs

to be asked whether the rod in the mixture represents the

poly(C)/s-SPG complex or simply renatured s-SPG. In

Panel 2 [the ratio¼ 4.5:1.0, the poly(C) composition is

less than stoichiometric], there are no dots, suggesting

that most poly(C) molecules are incorporated into the
rods due to the complexation. Furthermore, rings in

Panels 3 and 4 were less abundant than in the renatured

s-SPG (Panel 1). The mixing of poly(C) and s-SPG was

carried out in a nonsalt aqueous solution. Therefore, if

the complex is formed, the electrostatic repulsion

between the phosphate anions in poly(C) might hinder

ring closure reactions. Although these features are

consistent with complex formation, this evidence is not
sufficient to prove that the rods represent complexes.

Measurements of L were made for the rods in Panel

4, as well as for the other AFM images taken under the

same conditions. Figure 4C shows the distribution. By

comparing this histogram with the others (t-SPG and

s-SPG), it can be seen that the mixture has a different

length distribution to those of the renatured s-SPG and

t-SPG, indicating that the mixture has longer rods than
the renatured s-SPG. This difference supports the sug-

gestion that the presence of poly(C) influences the rod

length through complexation. It is interesting that the

mixture has a second maximum about the 300–350 nm

length. Since poly(C) has 570 bases, the extended

poly(C) chain is about 200 nm long, and that of s-SPG

is about 180 nm long. Therefore, the second maximum

around 300–350 nm can appear only when more than
two s-SPG chains are involved in the complexation,

as illustrated in the figure.

In order to fit the data for the mixture, we have to

assume multiple distributions. In this work, we assumed

two gamma functions; the first function is the same as

that for the s-SPG, and the second one is a gamma



Figure 3. Comparison of the AFM images obtained when the s-SPG/poly(C) ratios are 1.0:0 (1), 4.5:1.0 (2), 2.0:3.0 (3), 1.5:1.0 (4), and 0:1.0 (5).
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function with a ¼ 4:4 and b ¼ 1:0. By iterating, we

reached the conclusion that the measured distribution

consists of 80% of the first one and 20% of the second.

As a matter of fact, the second function can be any

function such as the Poisson distribution. The important

conclusion is that the mixture has a different length
distribution from those of the renatured s-SPG and

t-SPG, and 20% of the rods are almost twice as lon g as

the original SPG. Furthermore, the complex exhibits a

very long rods with L > 500 nm. This may be due to
three helixes being connected with poly(C), as depicted

in the figure.

2.2. SEM observation and the metal-grain array reflecting

the molecular helicity

Figure 5 shows a typical SEM image for t-SPG. The

thickness of the platinum coating (estimated from the

coating time and current) is 16 nm, and the average size

(diameter) of the rod-like image ðdtÞ is 20± 2 nm.



Figure 4. Comparison of the rod length distribution among the ori-

ginal triple helix (A), the renatured s-SPG (B) and the poly(C)/s-SPG

mixture (C). The solid lines in (A) and (B) represent the standard

gamma function with a ¼ 4:4 and b ¼ 1. The solid lines (a) and (b) in

Panel C represent the gamma functions with a ¼ 60 and b ¼ 0:14, and

a ¼ 4:4 and b ¼ 1, respectively. The solid line (c) is the convoluted

distribution curve made from the lines (a) and (b). The inserted illus-

trations in the panel schematically show a possible molecular aggregate

consistent with the distribution. The complex contains longer rods as

the minor species, which is considered to be made from more than two

s-SPG chains, whereas, the renatured schizophyllan is mainly made

from three s-SPG chains. The different distribution between (B) and

(C) evidences the complex formation.

Table 1. Molecular weight and its distribution estimated from the

AFM images

Sample Number

average

L/nm

Mn/10
4 Mw/10

4 Mw=Mn

t-SPG (from AFM) 215 46.7 55.8 1.2

s-SPG(from AFM) 220 47.7 59.3 1.2

s-SPG/poly(C) (from

AFM)

262 56.9 72.7 1.3

t-SPG (from GPC) –– 36.0 45.0 1.3

Figure 5. A SEM image of the triple helix of schizophyllan (a) and a

magnified image (b). Panel c is a model that shows the platinum grains

are arrayed using the molecular surface as the template, and Panel d

presents the definitions of the lengths and angles. The incremental

angle h is determined by h ¼ cos�1ðI=dtÞ, where I and dt are the length
of the grain array and the diameter of the image, respectively. The

definitions of p and dr are described in the text.
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Therefore, the actual diameter of the t-SPG sample is

�2–6 nm, which is larger than the crystallographic data

(2.6 nm).11;12 It is interesting that we observe the image
that, the platinum grains attached onto the sample,

array regularly with a fixed value of the inclination angle

relative to the rod axis. Through examination of several

samples, we confirmed that the helical pattern is always
right handed, being consistent with the expected helicity

of t-SPG. The essential process acquired to obtain such

a pattern is metal shadowing (see the Experimental

section). The averaged inclination angle ðhÞ was evalu-

ated to be 20–25� from Figure 5, as well as from other

images taken under the same conditions, using the

equation of h ¼ cos�1ðI=dtÞ, where I is the length of the

grain array (see Panel d in Fig. 5). Thus the value of h so
obtained can be related to the helix pitch ðpÞ and the

diameter of the real molecule ðdrÞ with the following

equation:

p ¼ 2dr tanðhÞ: ð1Þ
Using Eq. 1, p can be evaluated to be between 2.0 and

2.4 nm, where dr is the diameter of the real molecule;

therefore, we use the crystallographic data: dr ¼ 2:6 nm.



Figure 7. SEM images of the stoichiometric poly(C)/s-SPG complex.

The upper image shows small bumps observed for the complex and a

model for this architecture, and the lower images show magnification

of the circled part of the image.

256 A.-H. Bae et al. / Carbohydrate Research 339 (2004) 251–258
This value of p is relatively larger than the crystallo-

graphic pitch (1.8 ± 0.1 nm).12 By taking account of
ambiguity involved in the present evaluation of p, the
value obtained from AFM can be considered to be in

the same order as that of the crystallographic data. All

the above discussions on the SEM observations con-

clude that the array of platinum grains reflects the

helicity of the triple helix of schizophyllan.

The finest resolution of the SEM observation is usu-

ally only a few nm, which is determined by the size of the
metal grain. In fact, the platinum grain size in our pic-

ture ranges �4–5 nm. Therefore, one might consider that

it is strange to be able to achieve 2-nm resolution in our

SEM observation, that is, to be able to observe the

1.8 nm pitch of t-SPG. We evaluated the pitch not

directly but through the inclination of the metal-grain

array using Eq. 1. It is true that the helical image in the

SEM picture is incontrovertible (see Panel b in Fig. 5)
and that we frequently observe such a pattern. We

presume that when we coat the sample with platinum

grains by shadowing, they are caught by the side chains

of the schizophyllan, which should stick out from the

molecules. In other words, the platinum grains array on

the surface of t-SPG using the molecular helicity as a

template (see Panel c in Fig. 5).

Figure 6 shows an image from the renatured s-SPG.
This image exhibits a rod-like architecture, and the

surface also shows a helical pattern. Although the helical

resolution is poorer than that of t-SPG, we can confirm

that the value of p is in the range of 2–3 nm. Although
Figure 6. SEM images of the renatured schizophyllan showing the rod

architecture and its magnification.
not shown, sometimes we observed rings in the SEM

images, which is consistent with the AFM results.

The stoichiometric complex of poly(C) and s-SPG

shows somehow different features from that of the

renatured s-SPG. Rings were less abundant than in the

renatured sample, similar to the AFM observation.
Instead of linear strands, small bumps were frequently

observed on the rod-like images, as shown in Figure 7.

The bumps on the rods may correspond to a defect of

the complex, as illustrated in the insert of the figure.

When the image of the strand is magnified, the same

helical pattern is observed. The calculated pitch

approximately agrees with that for t-SPG, although

there is a relatively large experimental error. This helix
pattern and agreement of the pitch length suggest that

the poly(C)/s-SPG complex forms a triple helix with the

same parameters as that of the original t-SPG.

The resolution of the images in Figures 6 and 7 is not

as good as that in Figure 5. This reason could be that the

side chains in the renatured s-SPG or complex line up

less perfectly than those in the original triple helix

depicted in Figure 1b.
3. Conclusions

The AFMand SEMobservations reveal that the complex
between poly(C) and schizophyllan forms the same rod-

like architecture as for the renatured s-SPG and t-SPG,
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indicating that a rod-like aggregate is formed upon

complexation. The SEM observations show the helical
pattern on the rod surface only when the sample was

shadowed. The pitch evaluated from the image is com-

parable with that of the crystallographic data for t-SPG.

The present microscopic studies indicate that the com-

plex is a helical structure similar to that of t-SPG.
4. Experimental

4.1. Materials and complexation

Taito Co. in Japan kindly supplied the triple helical
schizophyllan sample (t-SPG). The weight-average mole-

cular weight ðMwÞ and the molecular weight distribution

(defined by Mw=Mn where Mn is the number-average

molecular weight) for the t-SPG sample, determined

with gel-permeation chromatography (GPC) by use of a

HLC-8020 (TOSOH), were 4.6 · 105 and 1.2–1.3, re-

spectively. Mw and the number of repeating units for the

single chain of SPG (s-SPG), evaluated from the in-
trinsic viscosity measurement in Me2SO,3;4 were 1.5 · 105
and 231 (in terms of the number of main chain glucose,

690 units), respectively. Poly(C) with the number of

base¼ 570 was purchased from Amersham Pharmacia.

The complex was prepared by mixing poly(C)/water

with s-SPG/Me2SO solutions, and then the solution was

dialyzed for 48 h to remove Me2SO. The complex solu-

tion was diluted to less than 2.6 · 10�3–1 · 10�4 wt%
and ultrasonicated for 5min.

4.2. Electron microscopy observations

Dilute solutions of the original (natural) schizophyllan

(t-SPG), renatured s-SPG, and poly(C)/s-SPG complex

were cast onto freshly cleared mica, and the cast films

were allowed to stand in clean air at room temperature
in order to evaporate the solvent. The films were imaged

by AFM (TopoMetrix) operating in a noncontact mode

at room temperature, using a Si3N4 pyramidal tip

(Cantilever UltrasharpTM Silicium Cantilever). Field

emission scanning electron microscopy (FE-SEM) was

conducted with a Hitachi S-5200 instrument at an

acceleration voltage of 15–25 kV. For the SEM obser-

vation, some of the metal-coated mica samples were
initially frozen with liquid nitrogen for 5min and then

dried in vacuum. This freeze-drying procedure did not

create any significant artificial effects. The mica samples

were attached on the SEM specimen, and the specimen

was positioned horizontally to the heated tungsten fila-

ment in the vacuum chamber. The specimen was coated

with platinum for 5 s from both sides and subsequently

coated vertically for 70 s, using a Hitachi E-1030 ion
sputter (15mA, 10 Pa). This shadowing technique was

necessary in order to observe the molecules; otherwise,
the molecules seemed to be buried in the platinum

grains. The thickness of the metal coat was evaluated
from the coating time and the current.

4.3. Statistical analysis of the AFM images

We measured the contour length ðLÞ of the rod-like

images in the AFM pictures using a flexible ruler. In the

measurements we omitted dots, circles, and aggregates

by judging width and shape. Since the distribution of L
versus population obtained from AFM images had

a similar shape with that of the gamma distribution,

we fitted the histogram using the following equation:

f ðxÞ ¼
xa�1 exp � x

b

� �

baCðaÞ ; ð2Þ

where f ðxÞ, a, b, and CðaÞ are the probability distribu-

tion function, the shape parameter, scale parameter, and

the gamma function, respectively. The case where b ¼ 1

is called the standard gamma distribution. For conve-

nience, we defined x ¼ L=40 and obtained the most

matched curve for the data by regression analysis. To

convert L to the molecular weight, the molar mass per

unit contour length ðMLÞ of the schizophyllan triple
helix was assumed to be 2170 nm�1 (according to

Kashiwagi et al.25), and the equation of L ¼ M=ML was

used.
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