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Rod-like architecture and cross-sectional structure
of an amyloid protofilament-like peptide supermolecule
in aqueous solution

Takuma Minami1,2, Sakiko Matsumoto1,2, Yusuke Sanada1,2, Tomonori Waku3, Naoki Tanaka3 and
Kazuo Sakurai1,2

Synchrotron X-ray scattering was performed on an aqueous solution containing self-assembled aggregates of a β-sheet-forming

peptide conjugated with a water-soluble moiety (polyethylene glycol, PEG or an oligo-peptide comprising a transactivator of

transcription, TAT, sequence). The angular dependence of the scattering intensity in the low-q region (that is, qo2.0 nm−1,

where q is the magnitude of the scattering vector) indicated that the scattering objects were rod-like and completely dispersed in

water without undergoing secondary aggregation. From the scattering intensity in the range of 0.5 nm−1oqo5.0 nm−1, it was

deduced that the cross-section of the scattering objects was rectangular and not circular, presumably because of the laminated

structure of the β-sheets. In the wide-angle region (that is, qo5.0 nm−1), a diffraction peak was observed at q=13.4 nm−1,

which could be assigned to the two neighboring α-carbons of the peptide chains of the cross-section of the β-sheet. The
scattering data indicated that the β-sheet-forming peptide indeed formed stacked β-sheets in a manner similar to that observed

in the case of amyloid protofilaments, and that the resultant rod-like objects could be completely dispersed in water as a result

of the hydrophilic PEG or TAT moiety.
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INTRODUCTION

Amyloid fibrils are rod-like, highly protease-resistant protein aggre-
gates that are found in the extracellular regions of organs and tissues.
Previously, it was thought that amyloid fibrils do not have an active
role in sustaining life but are instead a major cause of human diseases,
including Alzheimer’s and Parkinson’s diseases.1 Recently, the func-
tional roles of amyloid fibrils have been elucidated, and thus, amyloid
fibrils have attracted renewed attention.2 In fact, amyloid fibrils have
been found to possess other biological functions and can be used as
antibacterial coatings or biofilms3 and biological adhesives.4 Amyloid-
forming proteins do not exhibit sequence homologies close to one
another but are rich in hydrophobic amino acids. When such proteins
are assembled in the form of amyloid fibrils, the resultant fibers are
typically unbranched, rigid rods with diameters of ~ 100 Å or greater.
Amyloid fibrils are composed of several protofilaments with diameters
of 20–35 Å.1 In this sense, the protofilament is a substructure of the
amyloid fibril and consists of highly ordered peptide chains that form
a cross-β-structure in the fibrils. The term cross-β-structures refers to
the β-sheets that are stacked on top of one another parallel to the fibril
axis with their strands perpendicular to this axis.5 Protofilaments are
highly rigid and hydrophobic; therefore, it is quite difficult to
disassemble amyloid fibrils into protofilaments and to prepare stable
aqueous solutions in which protofilaments can be dispersed.6

With regard to supermolecular chemistry and nanomaterials,
amyloid protofilaments and other rod-like peptide aggregates are
attractive for use as building blocks, templates and biological
scaffolds.7–9 For instance, Stupp et al.8 has studied a series of
self-assembled rods made from peptide amphiphiles. One of the
pioneering findings was a peptide-based scaffold that can be used as a
biomaterial in tissue engineering. The excellent biocompatibility of
peptides and the rod-like structure of entities suggest that these
peptide-based rods have great potential for use in many novel
therapies. Deechongkit et al.10 synthesized a peptide-based, Π-shaped
molecule comprising two peptide strands with β-sheet-forming
sequences. The authors found that the Π-shaped molecules stacked
to form a protofilament-like rod. The resultant rod seemed to be
stabilized by the hydrophilic domains located on the outer layer of the
rod. As a result, the very thin protofilament-like rods did not seem to
form any secondary aggregates. To the best of our knowledge, their
work was the first to observe an isolated and dispersed amyloid
protofilament in water. Waku et al. synthesized several β-sheet-
forming peptides that could be conjugated with both an antigen
sequence and a water-soluble moiety (polyethylene glycol, PEG, or a
transactivator of transcription, TAT, peptide sequence) with the aim of
using these peptides for antigen delivery to immunocytes.11–13 Their
idea was to accelerate cellular ingestion by exploiting the strong
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characteristic of antigen-presenting cells to take up rods or other
substrates with shapes that are rarely found in nature. Although they
used β-sheet-forming peptides β-OVA-TAT, where β and OVA mean
β-sheet and an ovalbumin peptide, respectively, and could observe the
rod-like architecture with a length of ~ 240 nm using atomic force
microscopy (see Figure 1), they could not obtain clear evidence that
the β-sheet-forming peptides indeed formed protofilaments similar to
those observed in amyloid fibrils.11

There are several critical requirements for identifying whether
protofilaments are formed in a peptide or protein aggregate. Circular
dichroism (CD) yields a characteristic band for β-sheets; however, it
does not necessarily indicate the formation of cross-β-structures. To
confirm the formation of these structures, the ordered β-sheet
stacking, which exhibits two characteristic X-ray diffraction peaks
corresponding to the β-sheet and β-strand distances (d1= 1.15 nm and
d2= 0.48 nm, respectively), must be observed.1,14 In particular, the
presence of the peak at 0.48 nm is essential for confirming the
presence of β-sheet stacking. Hamley and Krysmann15 synthesized a
PEG-conjugated, β-sheet-forming peptide and examined the competi-
tion between the PEG crystallization process and the fibrillization
process attributed to the formation of the cross-β amyloid structure.
They observed that fibrils dispersed in solutions exhibited diffractions
related to the distance d2(= 0.48 nm) corresponding to the cross-β-
structures, indicating that the presence of the PEG chains did not
disturb the cross-β-structures. To the best of our knowledge, there are
few studies that have examined the overall conformation as well as the
local structures of the aggregates of β-sheet-forming peptides.
Avdeev et al.16 performed neutron-scattering measurements on
protein-oriented protofilaments in solution and analyzed the data
using a helical rod model. In this study, we performed small-angle
X-ray scattering (SAXS) measurements on aqueous solutions contain-
ing aggregates of β-sheet-forming peptides conjugated with both an
antigen sequence and a water-soluble moiety studied by Waku et al.11

EXPERIMENTAL PROCEDURE

Materials and fibril formation
We prepared two peptide samples that contained a β-sheet-forming sequence, a
model antigen (an OVA peptide) and hydrophilic chains of either ethylene

glycol or the TAT peptide chain (Figure 1). The sequences of these moieties are
shown in the illustration below Table 1. We added a flexible space between
the β-sheet sequence and the antigen to provide spatial freedom for both.
β-OVA-TAT was purchased from Genscript (Piscataway, NJ, USA) and
β-OVA-EG12 was synthesized using a previously described method.11 The
samples were dissolved in a Dulbecco phosphate buffer solution, which was
maintained at 60 °C for 24 h to allow the fibrils to form, as described in a
previous paper.11

Circular dichroism measurements
The CD measurements were performed with a J-820 spectropolarimeter
(JASCO, Tokyo, Japan). The samples were packed in 0.1mm round
quartz cells equipped with a water jacket to control the sample temperature,
which was kept at 25 °C. The scanning wavelengths were 190–300 nm and the
molecular ellipticity (θ) was calculated without taking into account the PEG
weight.

Infrared absorption spectroscopy
The attenuated total reflection (ATR) infrared spectra of the nanofibers were
obtained with a Spectrum One Fourier Transform-Infrared spectrometer
(Perkin-Elmer, Waltham, MA, USA). The interferograms were co-added
16 times and Fourier-transformed at a resolution of 4 cm− 1.

X-ray scattering measurements
All the SAXS and wide-angle X-ray scattering (WAXS) measurements were
performed at beam line 40B2 of the SPring-8 facility (Sayo, Hyogo, Japan). The
sample solution was loaded in a quartz capillary cell (Hilgenberg GmbH,
Malsfeld, Germany). The cell was then mechanically sealed with a silicone
rubber gasket and placed in a vacuum chamber.17 The X-ray wavelength (λ)
and the sample-to-detector distance were 0.10 nm and 4.25m, 0.10 nm and
1.82m or 0.071 nm and 0.75m, respectively. The first setup covered the range
of 0.02 nm− 1oqo2.03 nm− 1, the second setup covered the range of 0.05
nm− 1oqo4.78 nm− 1 and the final setup covered the range of 0.18
nm− 1oqo15.5 nm− 1. The scattered X-rays were detected with a 30 cm×30-
cm imaging plate (Rigaku, Tokyo, Japan, R-AXIS VII). After subtracting the
solvent scattering from the solution scattering, we obtained the scattering only
from the solute molecules. The concentrations of the β-OVA-EG12 and
β-OVA-TAT samples were 5.1 and 5.4mgml− 1, respectively. We confirmed
that the particle interference was negligibly small at these concentrations.

Calculating the scattering intensity for rod-like objects
The scattering intensity, I(q), is related to the pair-correlation function, p(r), for
the scattering objects through the Fourier transform:18,19

I q!� � ¼ Z
V
p r!� �

exp �i r!? q!� �
d r! ð1Þ

where q! is the scattering vector. When the scattering objects are infinitely long
along one direction (assuming the z-direction in this case) and randomly

Figure 1 Typical AFM image and height profile of an aggregate formed by
β-OVA-TAT (the chemical structure and the molecular weights are shown in
Table 1), as reported in a previous work.11 AFM, atomic force microscopy;
OVA, ovalbumin; TAT, transactivator of transcription. A full color version of
this figure is available at Polymer Journal online.

Table 1 Molecular designs, chemical structures and molecular

weights of the β-sheet-forming peptide conjugated with a hydrophilic

chain and OVA antigen

β-sheet Spacer Antigen Hydrophilic part

β-OVA-EG12 FVIFLD GSG SIINFEKL (C2H4O)12-H

717.88 183.18 927.11 529.60

β-OVA-TAT FVIFLD GSG SIINFEKL RKKRRQRRR

717.88 183.18 927.11 1320.59

Abbreviations: OVA, ovalbumin; TAT, transactivator of transcription. A full color version of this
figure is available at Polymer Journal online.
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oriented in the solution, this relation can be reduced to the following
equation:17,18

I qð Þp1

q

Z
S
p2D rð ÞJ0 rqð Þdr ð2Þ

where p2D(r) is the correlation function for the x-y plain perpendicular to the
rod axis (z). We assume that the electron-density distribution does not depend
on z. Furthermore, J0 is a zeroth-order Bessel function. In this paper, we use
two models: solid cylinder and solid square pole, where the former has a circle
cross-section and the latter has a square cross-section. Once the cross-sectional
shape is given, p2D(r) can be analytically or numerically calculated and then the
scattering intensity can be obtained as a function of q.
As is the case with the radius of gyration for the scattering from isolated

particles, we can define a cross-sectional radius of gyration, (Rcg),
17,18 which

can be determined from the following equation:

qI qð Þpexp �1

2
R2
cgq

2

� �
ð3Þ

RESULTS AND DISCUSSION

Circular dichroism
Figure 2 shows the CD spectra of β-OVA-EG12 and β-OVA-TAT. Both
samples exhibited a minimum at 220 nm. According to previous
studies,20–22 this negative band at 220 nm indicates the presence of
β-sheets. β-OVA-TAT showed an additional negative band at
~ 200 nm, which was presumably ascribed to the random coil-like
conformation of the TAT moiety. Upon comparing the two samples,
we found that β-OVA-EG12 showed a stronger negative band at
220 nm than did β-OVA-TAT. This observation is likely attributed
to the fact that the β-sheets are stacked to a greater degree in
β-OVA-EG12 than in β-OVA-TAT or that β-OVA-EG12 simply
contains more β-sheets than β-OVA-TAT. This result may be
interpreted to mean that the TAT moieties conjugated to the
β-sheet-forming portion interfere in the formation and stacking of
the β-sheets.
The difference in the two samples was in the chemical structure of

the hydrophilic moieties, which were EG12 and TAT. TAT is
considered a water-compatible chain and thus has a random coil-
like conformation, which yields a characteristic CD signal.23 However,
the fact that TAT exhibits CD indicates that it is ordered to some
extent. In fact, the random coil-like conformations of peptides are not
completely random but rather can be considered a fluctuating peptide
helix that is conformationally similar to the left-handed polyproline II
helix.24 However, the EG12 chain does have a random coil-like
conformation. We assumed that the presence of ordering in the
TAT chain is the reason that the degree of stacking of β-sheets in
β-OVA-TAT was low.

Infrared absorption spectroscopy
Figure 3 compares the IR spectra of β-OVA-EG12 and β-OVA-TAT.
According to previous studies,23 peptide β-sheets exhibit a character-
istic peak at 1632 cm− 1 in their IR absorption spectra. This sheet can
be ascribed to the amide I band, which is primarily related to the
stretching vibrations of the main-chain carbonyl groups of the
peptides. The intensity and position of the amide I band yield direct
structural information regarding the polypeptide backbone and its
secondary structures. As shown in Figure 3, both β-OVA-EG12 and
β-OVA-TAT show this characteristic amide I peak, confirming the
presence of β-sheets. Upon comparing the amide I peaks on the two
samples, we found that β-OVA-EG12 showed a higher intensity peak
than β-OVA-TAT, indicating that β-OVA-EG12 contains a greater
number of β-sheets. In addition, the IR absorption observed for
1630–1680 cm− 1 could be ascribed to the disordered structures of the
peptide backbone. As seen in the figure, β-OVA-TAT has a greater
number of disordered peptide chains than β-OVA-EG12. These
structural characteristics determined from the IR spectra are consistent
with those determined from the CD measurements.

Synchrotron small-angle X-ray scattering
Figure 4a shows the scattering profiles of the two samples in the
range of 0.05 nm− 1oqo5.00 nm− 1. The profiles were obtained by
combining the three sets of data obtained from the three setups. For
qo0.3 nm− 1, the scattering intensity, I(q), satisfies the relation
I(q)∝q− 1, as is expected for infinitely long thin rods.19 This relation
indicates that both samples had a rod-like architecture and did not
exhibit branching. With an increase in q beyond this range, I(q)
deviated from the limit characteristic of rods because of the finite
cross-sectional area. On the basis of this deviation, we calculated the
cross-sectional radius of gyration (Rcg) using Equation 3. Panel b

Figure 2 CD spectra of (a) β-OVA-EG12 and (b) β-OVA-TAT. CD, circular dichroism; OVA, ovalbumin; TAT, transactivator of transcription.

Figure 3 IR spectra of (a) β-OVA-EG12 and (b) β-OVA-TAT. IR, infrared;
OVA, ovalbumin; TAT, transactivator of transcription.
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shows the plots of ln[qI(q)] versus q2 for the two samples; the Rcg

values were determined from the slopes of the plots. The resultant
values, which are listed in the second column in Table 2, were very
similar.
Although the Rcg values were similar, the degrees of scattering for

high-q values were quite different. β-OVA-TAT showed a maximum
at approximately q= 1.3 nm− 1, which can be ascribed to the form
factor for the cross-sectional density distribution. However,
β-OVA-EG12 did not show such a maximum. The presence of the
second maximum corresponding to the form factor can be explained
by any of the following factors: β-OVA-TAT has a more uniform
structure along the axis than does β-OVA-EG12, β-OVA-TAT has a
more ordered cross-sectional structure than does β-OVA-EG12, or the
Gaussian-chain scattering attributed to the PEG moieties overwhelms
the other scatterings in the high-q region. At this moment, we do not
have enough data to state the primary reason for the difference in the
high-q scatterings.
When the electron density in the x-y plane is constant and the

cross-section is circular, the so-called solid cylinder model with a
cylinder radius of Rs-cylinder is adopted, where Rs-cylinder is related
to Rcg by

Rcg ¼
ffiffiffi
1

2

r
Rs�cylinder ð4Þ

The dotted lines in Figure 4a represent the scattering profiles
calculated using the solid cylinder model and the Rs-cylinder

values calculated from Rcg using Equation 4. Upon comparing these
calculated curves with the experimental data, it can be seen that the
solid cylinder model closely represents the data for q-values of up to
~ 0.6 nm− 1 for β-OVA-EG12 and ~ 0.7 nm− 1 for β-OVA-TAT;
however, the calculated and experimental data deviate with an increase
in q. In the case of β-OVA-EG12, a second intensity maximum was
not observed experimentally; however, the model indicated a max-
imum at ~ 1.3 nm− 1. For β-OVA-TAT, both the experimental data
and the model suggested a second maximum; however, the positions
were different in that the model indicated that the maximum occurred
at a smaller q-value than that suggested by the experimental data.
These discrepancies indicate that a more elaborate model might be
required to fit the data.

Wide-angle X-ray scattering
Figure 5 shows the WAXS profiles of the two samples. Both samples
exhibited a significant diffraction peak at q= 13.4 nm− 1, and
β-OVA-TAT also showed a small peak at q= 5.5 nm− 1. The distance
for the peak at q= 13.4 nm− 1, calculated from the Bragg equation, was
0.47 nm. This peak could be assigned to the lattice diffraction between
the two neighboring α-carbons of the peptide chains of the
cross-β-sheet, as depicted in Figure 5b.1,14 The presence of this peak
was a clear indication that the rod-like aggregates of β-OVA-EG12 and
β-OVA-TAT consisted of stacked β-sheets. In other words, the
rod-like objects of β-OVA-EG12 and β-OVA-TAT were identified as
having a structure similar to that of protofilaments. The peak at
q= 5.5 nm− 1 could be assigned to the diffraction from the two
adjacent peptide chains within the β-sheet, as shown in Figure 5b.

Using a square pole model to fit the SAXS data
The SAXS analysis indicated that β-OVA-EG12 and β-OVA-TAT
possessed rod-like structures. As mentioned above, we made an
attempt to fit the data using a cylinder model with the same Rcg

values as those of the samples; however, the high -q scatterings could
not be fitted using this model. The fact that CD occurred indicated the
presence of β-sheets. The WAXS analysis suggested that stacked
β-sheets formed the β-OVA-EG12 and β-OVA-TAT rods. According
to previous XRD studies,1,14 in the characteristic cross-β-structure,
the β-strands are arranged perpendicular to the fibril axis and the
ribbon-like β-sheets are parallel to the fibril axis. Thus, it was
reasonable to assume that the β-sheet-forming sequence in the
synthesized samples was arranged in the same manner. If this is

Figure 4 (a) SAXS profiles of β-OVA-EG12 (red) and β-OVA-TAT (green). The cylinder and rectangular modes resulted in the same Rcg values, which are
compared with those obtained from the cross-sectional Guinier plot. The data points for β-OVA-EG12 were vertically shifted by multiplying them by 104.3 for
comparison. (b) Cross-sectional Guinier plots for β-OVA-EG12 (red) and β-OVA-TAT (green). OVA, ovalbumin; SAXS, small-angle X-ray scattering; TAT,
transactivator of transcription. A full color version of this figure is available at Polymer Journal online.

Table 2 Obtained parameters of the β-OVA-EG12 and β-OVA-TAT

L1×L2/nm×nm

Sample code Rcg/nm SAXS AFM

β-OVA-EG12 2.72±0.10 8.0×5.0 4.6±0.4×3.7±0.3

β-OVA-TAT 2.79±0.05 7.5×6.1 4.6±0.5×3.8±0.3

Abbreviations: AFM, atomic force microscopy; OVA, ovalbumin; SAXS, small-angle X-ray
scattering; TAT, transactivator of transcription.
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indeed the case, the cross-section of the rod must be rectangular, that
is, the data should be such that they can be fitted using a square pole
rather than a cylinder. It can be assumed that the helix model used by
Avdeev16 might be better than the square pole model. However, we
did not observe any helical patterns in either the atomic force
microscopy or the transmission electron microscopy images;11 there-
fore, we did not use such a model.
We attempted to fit the data with a square pole model having the

same Rcg values as the samples by changing the ratio of the two sides
of the rectangle, where Rcg is related to the lengths of the two sides
(L1and L2) through the following equation:19

Rcg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

3

L1
4

2

þ L2
4

2� �s
ð6Þ

The blue lines in Figures 6a and b indicate the best model for each
sample. The side lengths are listed in Table 2, which were 8.0 nm×
5.0 nm for β-OVA-EG12 and 7.5 nm×6.1 nm for β-OVA-TAT.

Figure 6 Comparison of the experimental SAXS data and the fits made using the square pole and cylinder models. SAXS, small-angle X-ray scattering. A full
color version of this figure is available at Polymer Journal online.

Figure 7 Schematic of the local structures of β-OVA-EG12 and β-OVA-TAT.
OVA, ovalbumin; TAT, transactivator of transcription. A full color version of
this figure is available at Polymer Journal online.

Figure 5 (a) WAXS profiles of β-OVA-EG12 (red, upper line) and β-OVA-TAT (green, lower line). (b) A schematic showing β-sheet packing. OVA, ovalbumin;
TAT, transactivator of transcription; WAXS, wide-angle X-ray scattering. A full color version of this figure is available at Polymer Journal online.
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Figures 6c and d compare the curves obtained for different sets of the
side lengths, indicating that the best-fitting lengths were determined
with an error margin of ± 0.4 nm (light blue and purple lines). The
square pole models with the best parameters were compared with the
data for the entire range (solid lines). As shown in Figures 4 and 6,
the square pole model could reproduce the data with greater fidelity
than the cylinder model. As seen in Figure 1, the atomic force
microscopy and transmission electron microscopy images obtained by
Waku et al. indicate that the aggregates exhibit two distinct heights
(see Supplementary Figure SI.1 of Supplementary Information). The
fact that there are two heights is consistent with the square pole model,
even though the absolute values were slightly different because of the
experimental error.
The high-q SAXS profiles could be fitted well using a square pole

model, that is, using the values 8.0 × 5.0 nm for β-OVA-EG12 and
7.5× 6.0 nm for β-OVA-TAT; however, the WAXS patterns indicated
β-sheet stacking. The occurrence of CD and IR indicated that β-OVA-
EG12 contains a greater number of β-sheets than does β-OVA-TAT.
On the basis of these experimental results, the most likely arrange-
ments for β-OVA-EG12 can be assumed, which are shown in Figure 7.
Given that the number of β-sheets in β-OVA-EG12 was higher than in
β-OVA-TAT, the side length of 8.0 nm may correspond to the size of
the β-sheets with the thickness of the stack being 5.0 nm. The length of
the complete β-sheet-forming peptide is ~ 2.28 nm; therefore, some of
the OVA antigen sequences may be involved in the formation of the
sheets. In the case of β-OVA-TAT, the two side lengths are too similar
in value to allow one to say which one might be the width of the β-
sheets. For both samples, neither TAT nor PEG is involved in rod
formation. Furthermore, they are presumably oriented randomly
around the pole such that they can interact favorably with water
molecules. The presence of these hydrophilic chains prevents the
protofilament-like rods from undergoing secondary aggregation.

CONCLUSIONS

To conclude, we found that the angular dependence of the scattering
intensity in the low-q region indicates that the scattering objects could
be described using a square pole model. Furthermore, the objects
could completely disperse in water. For the range of 0.5 nm− 1o
qo5.0 nm− 1, the cross-section of the scattering objects was rectan-
gular and not circular, presumably related to the laminated structure
of the β-sheets. In the wide-angle region, a diffraction peak was
observed at q= 13.4 nm− 1 as a result of the two neighboring α-
carbons of the peptide chains of the cross-β-sheet. The scattering data
indicated that the β-sheet-forming peptide indeed formed stacked β-
sheets in a manner nearly identical to that of amyloid protofilaments.
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