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Summary 
β-1,3-glucan schizophyllan (SPG) is known to adopt a triple helical structure in nature 
and a random coil conformation in alkaline solutions which forms a hydrophobic 
domain when its random coil is renatured. This paper presents the complexation of 
amyloid with SPG, presumably owing to hydrophobic interactions between the  
β-sheets and the SPG hydrophobic domain. Circular dichroism (CD) showed that 
complex had a negative band at 225nm, indicating the presence of the stacked  
β-sheets. However, wide angle X-ray scattering (WAXS) showed no clear inter  
β-sheet diffractions that are generally observed at 1.0 nm in matured amyloid. 
Combining WAXS and CD, it can be concluded that lysozyme in complex has  
β-sheets but the β-sheets are not well stacked to give diffraction. Small angle X-ray 
scattering (SAXS) profile from complex can be reproduced using a combination of  
the cross-sectional Gunier and Debye-Bueche functions. 

Introduction 
Several diseases such as Alzheimer’s are related to a particular self-assembled form of 
misfolded-proteins, called amyloid fibrils.[1] Amyloid fibrils are characterized by 
their straight and unbranched fibrils (with a diameter of about 10 nm) predominantly 
composed of multiple protofilaments. These fibrils typically show pathognomonic 
green birefringence in polarized light after staining with Congo red and X-ray 
diffraction patterns from amyloid fibrils show 0.47 nm meridional and 1.0 nm 
equatorial reflections, indicating that the β-strands are perpendicular to the fiber axis 
and the β-sheets are parallel to the fiber axis.[2] This characteristic structure is called 
“cross-β-conformation” and is the common composition of amyloid protofilaments 
and mature amyloid fibril typically consists of several protofilaments.[3, 4] 
There seems to be no peptide-sequential or three-dimensional macrostructure 
homology in the amyloid precursor proteins.[1, 3] It seems that the key step in 
amyloid fibril growth is formation of a β-sheet with subsequent intermolecular 
aggregation between β-sheets and adoption of this cross-β-conformation.[5, 6] 
Presumably, hydrophobic interactions between β-sheets are responsible for the 
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formation and growth of the amyloid fibril. There have been several suggestive 
studies for this, some of whom have tried to control the amyloid fibril formation 
within the hydrophobic domain of micelles or on the hydrophobic surface of 
Teflon.[7, 8] 
Hen egg lysozyme (Lys) can be precipitated from 90 % ethanol as an amyloid 
protofilament on addition of a saline solution (10mM).[5] Neutron and small-angle 
X-ray scattering (SAXS) measurements have showed that Lys can take four distinct 
structures: monomer, dimer, amyloid protofilament and amyloid fibril depending on 
the Lys, water and ethanol concentrations.[6] Scattering measurements revealed that 
these protofilaments have a cross-sectional radius of gyration (Rcg) of 2.4 nm; only  
a small increment was observed compared with that of the monomer size (c.a. 1.7 nm). 
Circular dichroism (CD) measurements have shown that the large changes in the 
secondary structures of Lys occur during the dimer formation. The Lys amyloid 
protofilaments can be reversibly returned (renatured) to the parent monomer by simple 
solvation in neutral aqueous solution. Since the physicochemical properties of Lys 
have been extensively studied previously, Lys is a suitable model for study of the 
mechanism of amyloid protofilament formation. In fact, most of the above-mentioned 
studies have used Lys for this reason. 
Sakurai and Shinkai have reported that natural polysaccharide schizophyllan (SPG, 
see Figure 1A for chemical structure) can form complexes with polynucleotides, 
[9, 10] carbon nanotubes,[11, 12] and some hydrophobic polymers.[13] SPG consists 
of a β-(1→3)-D-glucan main chain with one β-(1→6)-D-glycosyl side chain linked to 
the main chain at every three glucose residues. In nature, SPG adopts a triple helix 
structure (t-SPG), which can be denatured to the three composite coils on solvation in 
dimethyl sulfoxide (DMSO) or alkaline solutions at pH > 13. They showed that the 
major driving force behind the complexing ability of SPG is the combination of 
hydrophobic and hydrogen-bonding interactions. This suggests that renatured SPG can 
provide hydrophobic domains. Indeed, Kasuga et al[14] showed that SPG interferes 
with folding process of ferricytochrome c during its renaturation process. This 
demonstrates that the hydrophobic domain of SPG can interact with the hydrophobic 
moiety in proteins. This paper presents the first evidence for a further novel 
interaction between SPG and denatured Lys. 

Experimental 

Materials 
Hen egg-white lysozyme (Lys) (L6876) was purchased from Sigma Chemical Co. and 
used without further purification. Lys concentrations were determined using an 
extinction coefficient (at 280 nm) of 2.63.[1] SPG triple helix (t-SPG) was kindly 
supplied by Mitsui Sugar Co., Ltd. (Japan). The weight-average molecular weight and 
the number of repeating units were found to be 1.5×105 (150K) and 231 respectively. 
Thioflavin and Congo Red were purchased from Sigma Chemical Co. All other 
reagents were purchased from either Fisher Scientific or Sigma. 

Sample Preparation 
A-Lys solution of 7 mg/mL containing 90% ethanol and 10mM NaCl was incubated at 
25 °C for three days to allow for amyloid protofilament precipitation (A-Lys). This is 
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the standard protocol for amyloid protofilament formation from Lys.[5] The obtained 
A-Lys exhibited the Congo Red birefringence and the Thioflavin fluorescence. The 
renatured Lys (Rn-Lys) was obtained by dissolving A-Lys into a Tris buffer at  
pH = 7.7. t-SPG was dissolved in an NaOH solution (pH = 13.5) to denature the helix 
to the random coil (s-SPG). The s-SPG/NaOH solution was added to a large amount 
of ethanol to induce precipitation. Since ethanol is a poor solvent for both s-SPG and 
t-SPG, the obtained SPG precipitate mainly consisted of s-SPG. This is because this 
procedure was too rapid to retrieve t-SPG from s-SPG. The renatured SPG (Rn-SPG) 
was obtained by dissolving the SPG precipitate into a 10mM Tris buffer at pH =7.7. 
To obtain a complex, A-Lys (7 mg, 4.90×10-7mol) and the SPG precipitate (7 mg, 
4.32×10-5 mol in glucose, Mw = 150K) were mixed and stood in an ultrasound bath 
with a HONDA, Ultrasonic Multi Cleaner, W-113, 28 kHz for 15 min, then again 
mixed vigorously in a mortar for about one minute. The mixture did not dissolve after 
7 mL of 10mM Tris buffer was added (we confirmed that pH was maintained at 7.8 
after addition of the buffer). We denoted this precipitate dispersed solution S/L (molar 
ratio of Lys to SPG was 1 : 0.1). A second solution, made with the same procedure, 
using 3.5 mg of SPG, this solution was named 0.5S/L (a molar ratio of Lys to SPG 
was 1 : 0.05). We confirmed that there was no precipitate observed in the case that we 
mixed Rn-SPG and Rn-Lys solutions, followed by they were dissolved in 10mM Tris 
buffer at pH =7.7, individually. 

Small-Angle X-ray Scattering (SAXS) 
The SAXS intensities (I) were measured as a function of the magnitude of the 
scattering vector (q) at BL-40B2 (Structural Biology II Beamline) of the synchrotron 
radiation facility SPring-8, Hyogo, Japan. The exposure time was 300 seconds, the 
wavelength is 0.10 nm and the camera length was 1.5 m, 1.0 m, or 3.1 m. The samples 
were loaded into a quartz cell (Mark-Röhrchen) with 2 mm diameter and the protein 
concentration was fixed at 7 mg/mL.  
The SAXS profile from Lys was fitted using a rotational ellipsoid model[15] given by 
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where the semi-axes are R, R, and vR. The radius of gyration (Rg) is related to R by 
Rｇ = {(2+ν2)R2/5}1/2. The SAXS profile from t-SPG was fitted using a rod model[16] 
given by 
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where J1(x) is the first order Bessel function, the radius of the cylinder is Rc and the 
cross-sectional radius of gyration (Rcg) determined from ln qI(q) vs. q2 plot is related 
to Rc by / 2cg cR R= . The asymptotic scattering at large q from rod or rod-like 
scatters can be expressed by 
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SAXS from aggregate solutions such as amyloid protofilament dispersed in ethanol 
were fitted by a sum of the two contributions from the corresponding particle 
scattering Isol (q) and excess scattering Iex (q);[17] 

I (q) = Isol (q) + Iex (q) (5) 

For networks, Isol(q) can be given by the Lorentz (Ornstein-Zernike, denoted by OZ) 
function; 
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where ξ (thermal correlation length) can be related to the mesh size of the network 
(blob size). For Iex (q), since the aggregate-dispersed solution can be considered a two-
phase system, consisting of solvents and precipitant, we used the Debye-Bueche (DB) 
function given by; 
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Here, the correlation length, β, represents the long-range heterogeneity of two-phase 
systems. 

Wide-Angle X-ray Scattering (WAXS) and Circular Dichroism (CD) 
The precipitant of A-Lys or S/L was dried under vacuum for 24 h. WAXS for these 
samples were performed on a Rigaku XRD-DSC-II with a slit of 0.15 mm, at an 
scanning speed of 0.02°/ min from 2θ = 2 to 30° at the Instrumental center of The 
University of Kitakyushu. Circular dichroism (CD) spectra were recorded using  
a Jasco 710 CD Spectrophotometer. 

Results and Discussion 

Precipitant formation from S/L mixture 
Lys is known to increase in helical content in ethanol and exists as an amyloid 
protofilament in 90% enthanol and 10 mM NaCl solution.[5] We treated Lys in such  
a manner and obtained a white precipitate (denoted by A-Lys) that showed the 
characteristics of amyloid protofilaments when treated with both Thioflavin and 
Congo Red. When this precipitant was added to water (pH = 7.7, 10mM Tris buffer) 
under vigorously mixing, it dissolved completely and a homogenous solution was 
obtained (Figure 1C), confirming that the amyloid protofilament had become 
renatured to the water-soluble Lys (Rn-Lys). The SPG precipitant was obtained by 
adding an s-SPG solution (pH = 13.5) to a large volume of ethanol. When this SPG 
precipitant was added to water (pH = 7.7, 10mM Tris buffer) it also dissolved to give 
a Rn-SPG solution (Figure 1C). When we mixed these Rn-SPG and Rn-Lys solutions, 
there was no precipitant observed. In contrast, when we mixed A-Lys and the SPG 
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precipitant initially in a mortar, and the mixture was added to water (10mM Tris 
buffer), the mixture did not dissolve as presented in Figure 1C. This result suggests 
that mixing the two precipitates in a mortar (i.e., before adding water) caused 
interactions between A-Lys and SPG. When we treated dextran and amylose in the 
same manner as presented in Figure 1B (including NaOH treatment), we did not 
obtained large amounts of precipitate (such as in Figure 1C) although we observed 
some turbidity after added water to these mixtures. 
The hydroxyl groups of SPG become fully deprotonated at a pH greater than 13.5 and 
should be re-protonated again when they are turned back into natural water or  
a buffer.[18] However, it is thought that some of these hydroxide anions may not  
re-protonate when we made SPG precipitate (see Figure 1B) by adding a large amount 
of ethanol to the s-SPG solution. The SPG precipitant was then washed with an 
ethanol/HCl solution. This washed (re-protonated again) SPG precipitant was mixed 
with A-Lys in a mortar in the same way and then the buffer solution was added. In this 
case, we observed a considerable decrease in the volume of the S/L complex. This 
seems to imply that these deprotonated hydroxyl groups play an important role in the 
interaction between SPG and A-Lys. 
It is not likely that the complex made from single stranded polysaccharide chains and 
amyloid fibrils. We presume that hydrophobic interactions between the β-sheets and 
the SPG hydrophobic domain are the major driving force and these hydrophobic 
domain can emerge during the re-folding of both SPG and Lys. Once the hydrophobic 
part of SPG and Lys meet and bind with each other. In this sense, the complexation is 
not stoichiometric reaction and dynamical factors may be involved, we supposed that 
more quantitative characterization such as determined the stoichiometric ratio is  
a rather challenging task. The above experiment indicates that in order to maintain 
amlyolid form after added SPG/buffer, we need at least 0.5S/L, which means one Lys 
molecule needs 0.05 SPG polymer chain (i.e., 44 glucose residues). 
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Figure 1. (A) Chemical structure of SPG (schizophyllan), (B) Sample preparation scheme of  
a complex made from SPG and Lys (S/L), and (C) Comparison of solution appearance between 
renatured SPG (Rn-SPG), renatured Lys (Rn-Lys), and S/L. 
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One may think that mixing in the mortar is not the best way and lack of 
reproducibility. We reached the mortar method based on these following control 
experiments. When A-Lys was added to SPG aqueous solutions, A-Lys immediately 
renatured to Rn-Lys and no complex had been formed. This is because intra-molecular 
reactions (such as renaturation) prevail over inter-molecular reactions (complexation). 
Whereas, when denatured SPG solutions (such as DMSO or NaOH solutions) were 
added to amyloid ethanol solutions, SPG was immediately precipitated without 
forming complex with A-Lys. This is because of poor solubility of SPG in ethanol. 
Furthermore, when an A-Lys/ethanol solution and Tris buffer were added to a large 
amout of s-SPG/NaOH solution at the same time, nothing happened. Therefore, we 
concluded that mixing in the mortar is essential for the complex formation. The use of 
mortar and similar solid state reactions with us were already reported by other 
groups.[19] 

SAXS 
Figure 2A shows SAXS profiles for W-Lys (lysozyme dissolved to water) and Rn-Lys 
at the bottom. At q > 0.6 nm-1, the profiles are almost identical. Since this region 
reflects intramolecular diffractions, these identical profiles imply that Lys undergoes 
renaturation in which Rn-Lys regains the same shape as W-Lys. The solid line 
represents the theoretical profiles for a prolate ellipsoid with a rotational axis of 3.5 nm 
and equatorial radii of 1.45 nm. At q > 0.6 nm-1, experimental data correlates well 
with this theoretical profile. At q < 0.6 nm-1, the experimental profile of Rn-Lys 
deviated upward from the theoretical data, while W-Lys showed a downward 
deviation. The downward deviation may be ascribed to a concentration effect which 
indicates that the W-Lys molecules are homogeneously dispersed in solutions,[20] 
presumably, owing to electrostatic repulsion. The upward deviation can be related to  
a small amount of partial aggregation of Rn-Lys molecules. 
The middle profiles in Figure 2A compare t-SPG and Rn-SPG. t-SPG shows the 
expected power low of I(q) ~ q-1 in the range of 0.2 nm-1< q < 1.0 nm-1, confirming it’s 
rod-like nature (the persistence length was determined to be 200 nm[21]). At q > 3 nm-1, 
t-SPG shows essentially no deviation from the predicted curve (calculated from Eq 2 
and is represented with a solid line), which can be ascribed to the mono-dispersed 
radius of the rod of t-SPG. The radius of the cylinder was determined to be 0.83 nm. 
This value is consistent with that of crystallographic data.[22] Rn-SPG also displays  
a power low for these rods in the same range as t-SPG. This result is consistent with other 
observations using AFM and TEM that showed a rod-like architecture for renatured 
SPG. Rn-SPG showed a downward deviation from t-SPG at 1.0 nm-1< q < 3.0 nm-1 
and a shallower decrease at q = 4.0 − 6.0 nm-1, indicating a large distribution in the 
rod radius due to the renaturation process. The slope at q > 4.0 nm-1 is approximately  
-2, which may suggest the presence of a network composed of SPG single chains. 
SAXS data for A-Lys is presented at the top of Figure 2A. The slopes of the highest 
and lowest q regions are -2.0 and -3.5, respectively. The curve appears to show  
a stepwise decrease in slope with increasing q, (although, when carefully examined, it 
can be found that the slope becomes almost -4 around q = 0.2 nm-1). The slope in the 
highest q region is consistent with the asymptotic behavior of the OZ function given 
by Eq 5. This means that the scattering in this range is derived from networks made 
from Lys protofilaments. At 0.15 nm-1 < q < 0.2 nm-1, I(q) almost obeys a power low 
of q-4, suggesting that there is a sharp interface between the protofilament-network 
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domain and the solvent domain. At q < 0.1 nm-1, the q dependence of I(q) is about  
q-3.5, lower than that in the region 0.15 nm-1 < q < 0.2 nm-1. These two features may be 
further considered using the DB equation. We fitted the data points to a combination 
of the DB and OZ functions. The best fit and individual curves are presented by solid 
lines (Figure 2A), we obtained β = 25−35 nm and ξ = 3−10 nm, respectively. These 
values suggest that the mesh size of the protofilament is about 3−10 nm and the size of 
the protofilament domain is about 25−35 nm. 
Figure 2B shows SAXS profiles from S/L and 0.5S/L. Both samples show a sharp 
decrease (greater than -4) at 2 nm-1 < q, suggesting that the scattering constituent units 
can be expressed using the cross-sectional Gunier (Eq 3) or normal Gunier 
(i.e., 2 2( ) exp( / 3)gI q R q∝ − ) expression. When we used a combination of Eq 3 and 
DB, the profiles showed excellent correlation as presented in Figure 2B. The resultant 
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Figure 2. (A) Small-angle X-ray scattering profiles from Rn-Lys and W-Lys (bottom), t-SPG 
and Rn-SPG (middle), and A-Lys (top). The solid lines present the best-fit calculated values 
from an ellipsoid (Eq 1), and a rod (Eq 2), and Eq 4 using combination of Ornstein-Zernike and 
Debye-Bueche functions. (B) Small-angle X-ray scattering profiles from S/L and 0.5S/L and the 
best-fit curves. 

Table 1. The best fit parameters 

Sample code Rg or Rcg / nm Model Best fit parameters 
W-Lys 
Rn-Lys 
t-SPG 

Rn-SPG 
A-Lys 

S/L 
0.5S/L 

Rg=3.3 
- 

Rcg=0.59 
Rcg=1.01 

- 
- 
- 

e  
e  
r 
r 

DB+OZ 
DB+r 
DB+r 

3.5,1.45,1.45 nm 
3.5,1.45,1.46 nm 

0.83 nm 
- 

β=30 nm, ξ=4 nm 
β=37 nm,Rcg=0.85 nm 
β=26 nm,Rcg=0.81 nm 

e: ellipsode, r: rod, DB: Debye-Bueche, OZ: Ornstein-Zernicke 
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parameters are listed in Table 1. At 1-2 nm-1 < q, the q dependences of S/L and 0.5S/L 
are similar to that of t-SPG. The Rcg values for S/L and 0.5S/L lie between t-SPG and 
Rn-SPG. These two facts suggest that the SPG component determines the SAXS at 
this high q region. We did not observe a final slope of -2 at low q, suggesting that 
there was no network structure in the S/L and 0.5S/L samples. Contrasting the similar 
q dependence of t-SPG and S/L, S/L (or 0.5S/L) at low q values shows a much steeper 
q-dependence on I than that of Rn-SPG and t-SPG. This feature reflects the presence 
of two phases. Calculated values for β for S/L are of the same order as A-Lys. 

WAXS 
Figure 3 compares the WAXS profiles for Lys, A-Lys, S/L, s-SPG. A-Lys has  
a relatively sharp diffraction at 0.46 nm and a more diffused one at 1.0 nm, which are 
characteristic for amyloid protofilaments. The former corresponds to diffraction 
between β-strands within the same β-sheet and the latter, between multilayer β-sheets. 
Generally, in the amyloid fibers, β-strands line perpendicular to the fiber axis and  
β-sheets line parallel to the fiber axis. Lys has a peak at 1.0 nm while there is no peak 
at 0.46 nm. This peak at 1.0 nm is ascribed to the intramolecular structure such as  
α-helix and β-sheet[23].  
S/L has a smaller peak at 1.0nm than those of A-Lys and W-Lys. There are two 
possible assignments for this peak. One is due to the diffraction adjacent β-sheet 
similar to A-Lys. For this case the weak peak indicates that the stacked layer of  
β-sheets was not grown sufficiently to give clear diffraction. The other assignment is 
due to the intramolecular structure similar to W-Lys. The former is more likely 
because CD in the next section indicated that most α-helixes were eliminated and  
β-sheet dominated and started stacking. S/L showed a peak at 0.46nm, although less 
sharp than that of A-Lys and thus it might be difficult to distinguish from the peak of 
SPG. Since neither s-SPG nor Lys has a peak at this position, this S/L peak can be 
assigned to the inter β-strand diffraction. 
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Figure 3. Comparison of wide-angle X-ray diffraction patterns among W-Lys, A-Lys, S/L,  
and s-SPG. The peaks indicated by arrows show diffraction between β-strands within the same 
β-sheet (0.46 nm) and between adjacent β-sheets (1.0 nm). 
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CD 

According to previous studies the α-helix structure of native Lys exhibits two broad 
negative bands at 208 and 220 nm.[5, 6] Addition of ethanol (up to 85% vol/vol) 
increases these α-helix bands at first, but further addition causes to these bands to 
disappear and a new negative band appear at 215 nm, corresponding to the formation 
of β-sheets. This β-sheet formation can be further confirmed by appearance of a new 
sharp positive band at 197 nm. As reported by Yonezawa et al,[6] the transition from 
α-helix to β-sheet takes place at the dimer state. Along with the beginning of β-sheet 
stacking, the 215 band becomes less intense and red-shifts.[7] This change is related 
to twisting and stacking of the β-sheets and thus can be considered as a precursory 
phenomenon for the Amyloid fibril formation. 
Figure 4 presents the CD spectra for Rn-Lys and A-Lys comparing with those of Lys 
in 90% ethanol with no salt, and of 90% ethanol with 10mM NaCl (i.e., before 
incubation to obtain A-Lys). As expected, Rn-Lys and A-Lys show the typical α-helix 
and stacked β-sheet bands. As reported, the intense negative band of un-stacked  
β-sheets around 215 nm changed to a red-shifted week band around 225 on addition of 
salt and subsequent incubation. The right spectra compare with A-Lys, S/L, and 2S/L 
(a mass ratio of Lys to SPG is 1 : 2). S/L and 2S/L show a negative minimum at  
225 nm, which mirrored in the CD spectrum of A-Lys. The similarities between the 
CD spectra of A-Lys and S/L point to the Lys in S/L adopting a similar β-sheet 
conformation where the β-sheets are stacked in the same manner as the amyloid 
protofilaments. 
After centrifuged an S/L solution to obtain a clear supernatant, we examined whether 
it contained Rn-Lys. The spectrum could not be assigned to α-helix, while when Lys 
was renatured by simply adding A-Lys to water, CD showed a large amout of α-helix 
as presented in Figure 4. The fact that the supernatant of S/L solution showed little  
α-helix implies that most of Lys are complexed with SPG. When we decreased SPG 
ratio less than 0.5S/L, the supernatant showed α-helix CD. 
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Figure 4. Circular dichroism spectra for Lys. The left ones compare three different states:  
α-helix rich Rn-Lys, un-stacked β-sheets (90% ethanol, no salt), and stacked β-sheets (A-Lys). 
The right ones compares S/L and A-Lys. The Lys concentration was 1 mg/mL for all samples. 
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Entrapment of Immature Amyloid Protofilaments 
WAXS did not show a clear β-sheet stacking peak. However, CD showed that S/L has 
a near-comparable level of β-sheet stacking as that in A-Lys. Since there should be at 
least ten structural repeats in order to give a perceptible X-ray diffraction, we can 
conclude that stacking in S/L is immature enough so as not to display WAXS 
diffraction but still give a CD signal. Therefore, we can postulate that immature 
amyloid protofilaments become trapped by SPG when A-Lys was mixed with s-SPG 
and the mixture dispersed in water. The protofilament is renatured if mixed with water 
alone. The entrapment is likely assisted by the deprotonated hydroxyl groups of SPG 
that can bind to the cationic groups of Lys. We presume that once misfolded, Lys 
and/or Lys β-sheets are irreversibly bound to SPG in this way, i.e. they can be easily 
incorporated into the hydrophobic domain of SPG and the hydrophobic interactions 
between the β-sheet and the SPG stabilizes the complex.  

Conclusions 
We presented the complexation of an amyloid protofilament with SPG owing to 
hydrophobic interactions between the β-sheets and the SPG hydrophobic domain. 
WAXS showed that this complexed protofilament did not show a clear β-sheet 
stacking peak. CD indicated the presence of the stacked β-sheets. We propose that 
stacked β-sheets in the complex are not mature enough to give prominent X-ray 
diffraction peaks. SAXS suggested that the immature protofilament was entrapped by 
renatured SPG. 
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