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Abstract: The self-assembly of peptides
and proteins into �-sheet-rich high-or-
der structures has attracted much atten-
tion as a result of the characteristic
nanostructure of these assemblies and
because of their association with neuro-
degenerative diseases. Here we report
the structural and conformational prop-
erties of a peptide-conjugated graft co-
polymer, poly(�-methyl-�-glutamate)
grafted polyallylamine (1) in a water-
2,2,2-trifluoroethanol solution as a sim-
ple model for amyloid formation. Atom-
ic force microscopy revealed that the
globular peptide 1 self-assembles into
nonbranching fibrils that are about 4 nm
in height under certain conditions. These

fibrils are rich in �-sheets and, similar to
authentic amyloid fibrils, bind the amy-
loidophilic dye Congo red. The secon-
dary and quaternary structures of the
peptide 1 can be controlled by manipu-
lating the pH, solution composition, and
salt concentration; this indicates that the
three-dimensional packing arrangement
of peptide chains is the key factor for
such fibril formation. Furthermore, the
addition of carboxylic acid-terminated
poly(ethylene glycol), which interacts

with both of amino groups of 1 and
hydrophobic PMLG chains, was found
to obviously inhibit the �-to-� structural
transition for non-assembled peptide 1
and to partially cause a �-to-� structural
transition against the 1-assembly in the
�-sheet form. These findings demon-
strate that the amyloid fibril formation
is not restricted to specific protein
sequences but rather is a generic prop-
erty of peptides. The ability to control
the assembled structure of the peptide
should provide useful information not
only for understanding the amyloid fibril
formation, but also for developing novel
peptide-based material with well-de-
fined nanostructures.
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Introduction

�-Helices and �-sheets are the major secondary structural
motifs organizing the three-dimensional geometry of proteins.
It is generally considered that the sequence of amino acids is
important in shaping the properties of the protein secondary
structure, and that the secondary structures are stable once
they have formed.[1±3] The protein quaternary structure

formed by the organization of such secondary structural
elements plays a key role in defining their functions and
different nature. In this regard, much recent effort has been
directed toward elucidating the interactions between peptides
involved in protein folding, and toward developing protein-
based material. In particular, the self-assembly of peptides
and proteins into �-sheet-rich fibrillar structures (called
amyloid fibrils) is currently the focus of biochemical and
biophysical research because of their association with neuro-
degenerative diseases such as the Alzheimer×s disease and
Creutzfeldt ± Jacob disease.[4±8] Many investigators believe
that protein conformation changes, rather than the specific
primary structure of the proteins, are central to the disease
process. In fact, neurotoxic effects of disease-related amyloid
peptides have been reported to depend on their conformation
and physical state in some cases.[9±11] However, despite
extensive studies of amyloid fibrils that have resulted in the
elucidation of many aspects of their underlying nature,
important issues concerning their structure and mechanism
of formation remain to be resolved. Thus, it is important to
construct peptide �-sheet assemblies and elucidate their
molecular-level structure in order to understand the patho-
genesis of and therapeutics for the diseases with which they
are associated.
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In previous studies, a total of at least 16 different proteins
and peptides were identified in amyloid aggregates,[5, 12] and
these aggregates were found to have a common core structure
despite the fact that the proteins involved have no sequential
or structural similarities. For example, all amyloids are long,
straight, and unbranched; their diameter ranges between 40 ±
120 ä, and they exhibit a cross �-sheet structure in which
continuous �-sheets lie parallel to the long axis of a fiber and
their constituent �-strands run perpendicular to this axis.[13]

Recently, Dobson et al. found that non-pathogenic proteins,
including those of the SH3 domain,[14] acylphosphatase,[15] and
apo-myoglobin,[16] also form amyloid fibrils in vitro under
certain conditions, and suggested that the formation of
amyloid fibrils is a genetic property of the peptides and
proteins.

In synthetic systems, various peptides were also reported to
form amyloid-like �-sheet assemblies in vitro that structurally
resemble in situ fibrils.[17±21] Thus, the ability to form amyloid
fibrils from a wide range of synthetic peptides provides access
to a large number of model systems which can be used to
study the fibril formation in greater detail. In addition, these
synthetic peptide assemblies with a well-defined nanostruc-
ture are also interesting from a supramolecular point of view.
These self-assembled polymeric architectures are expected to
possess potential as novel biomaterials with a wide range of
applications, such as use in nanodevices.[22±24]

In this paper, we prepared a simple artificial protein with an
�-helical homo-polypeptide, poly(�-methyl-�-glutamate)-
conjugated polyallylamine (1), as a simple model for amyloid
formation. A detailed analysis of the conformation and
morphology in solution was performed in consideration of
both environmental conditions and intermolecular interaction
with poly(ethylene glycol) derivatives. These studies should
provide simple and/or essential insight into the mechanism of
peptide aggregation including amyloid formation and should
be useful for the design of novel peptide-based nanomaterials.

Results

Design and synthesis of artificial protein model : To obtain
simple and/or essential information about the protein mis-
foldings and aggregation involved in amyloid formation, we
prepared an artificial peptide with a simple primary structure
as a high-order structural model of proteins. Protein tertiary
structures can be looked upon as assemblies of secondary
structural elements (for example, �-helices, �-strands, and
reversed turns) connected by flexible loops. This model has
been the basis for the design of artificial proteins. The design
process is simple; secondary structure modules are created
and then connected together with appropriate loops. A recent
approach for artificial protein design involves the use of
template molecules such as metal ligands, rigid plane mole-
cules, dendrimers.[27±33] Many artificial proteins have been
prepared in aqueous solutions by attaching peptide blocks to
templates that direct the component helices into protein-like
packing arrangements. We chose a poly(�-methyl-�-gluta-
mate) (PMLG) as a secondary structure module because of its
easy synthesis and well-defined conformational character-

istics in solution, and chose a polyallylamine (PAA) as both a
flexible template for assembly and an initiator for graft-
polymerization.[34] In addition, we anticipated that it might be
possible to control the distribution of the quaternary struc-
tures by manipulating solution composition, pH, ionic
strength, and the like, owing to perturbations of peptide
chains dependent on the pKa of the PAA amino groups.

The synthesis of the artificial protein, PMLG-grafted PAA
(1), is outlined in Scheme 1. First, amino groups of PAAwere
partially protected with Boc groups by treating the PAAwith
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Scheme 1. Synthetic route of an artificial amyloidgenic peptide, poly-
(�-methyl-�-glutamate) grafted-polyallylamine (1). Boc: tert-butoxy carbonyl,
TFA: tri-fluoroacetic acid.

di-tert-butyl dicarbonate in a water/dioxane solution. The
degree of the reaction of amino groups was successfully
controlled by adjusting the feed ratio of di-tert-butyl dicar-
bonate to amino groups. As a result, the PAA copolymer was
prepared in which the amino groups (40%) were protected
with Boc groups. Next, the graft-polymerization of �-methyl-
�-glutamate-N-carboxy anhydride was carried out using free
amino groups of this PAA copolymer in chloroform. A
relatively short chain length of the peptide segment (degree of
polymerization n� 10 ± 15) was employed because the num-
ber of amino acid unit is appropriate for both characterization
of the resultant graft-polymer and elucidation of the effect of
self-assembly. The graft-polymerization was found to proceed
for all amino groups located on the PAA copolymer. The
number-average degree of polymerization of the PMLG chain
was determined to be 14 from 1H NMR spectroscopy and
elemental analysis. Finally, the desired peptide 1 was obtained
by removal of the Boc groups in a trifluoroacetic acid solution.

Conformational properties of peptide-conjugated copolymer
in solutions : The conformational properties of the peptide 1 in
different solutions were first investigated by means of far-
ultraviolet circular dichroism (far-UV CD) and Fourier-
transform infrared (FTIR) spectroscopies. Figure 1A) shows
the time dependence of far-UV CD spectra for peptide 1 at
pH 4.0 after dilution in water from the TFE stock solution
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Figure 1. A) Far-UV CD spectral change of 1 in water/TFE (8:2 v/v) at
pH 4.0. The peptide 1was incubated at room temperature within the period
indicated (0 ± 30 h). [MLG]� 1.1� 10�4 unit �. B) Time dependence of
fraction of second-order structure a) �-helix structure, b) �-sheet structure,
c) random coil structure) of 1 estimated from the CD-curve fitting method.

(final peptide concentration 1.1� 10�4 glutamate unit �, TFE
content 20%, no salt).

When the sample solution was freshly prepared, the
spectrum gave a typical pattern of right-handed �-helical
polypeptide with two negative maxima, at 222 and 208 nm. A
quantitative curve-fitting analysis of the spectrum gave the
following percentage of secondary structures: 59% of �-helix,
29% of �-sheet, 12% of random coil. This helicity is
reasonable taking into account the relatively short segment
length (n� 14). The far-UV CD measurements revealed a
gradual change in a spectrum typical for a �-sheet structure,
with a single negative maximum at 218 nm and a positive
maximum at 197 nm after 30 h. These spectral changes within
the incubation time are found to proceed through an
isodichroic point at around 198 nm. Figure 1B) displays the
percentage of secondary structures of PMLG segments
evaluated using the CD-curve fitting method as a function
of the incubation time under this condition. With time, the
structural transition from �-helix to �-sheet proceeded with-
out a lag phase, and reached values of about 20% of �-helix
and about 78% of �-sheet after 26 h. This �-to-� transition
was also observed at lower pH region (� 8, 20% TFE, no
salt). On the other hand, at higher pH region (�8), the far-UV
CD spectra showed the typical �-helix pattern (negative
maxima at 222 and 208 nm) even after 30 h, although the
molar ellipticity was reduced to half its initial value (data not

shown). This reduction in ellipticity was probably caused by
the large aggregation of peptide 1[35] suggested by fluores-
cence and atomic force microscopy studies (details described
later). Far-UV CD studies in solution agree with FTIR
experiments on films, and refer to the description of the FTIR
experiments later on in the paper. The acid dissociation
constant (pKa) value of allylamine moiety was estimated to be
8.0 from potentiometric analysis.[34] On the other hand, the
peptide chains (PMLG) involved have no pH-responsible
residues except the N-terminus amino groups. Therefore, the
observed pH-dependent difference in conformational proper-
ties of peptide 1 would be attributable to the three-dimen-
sional packing arrangement of PMLG chains influenced by
the protonation of amino groups.

In order to evaluate the effect of environmental conditions
(solution composition, pH, and salt concentration) on con-
formational properties, the kinetics of the �-to-� structural
transition for peptide 1 were subsequently investigated. We
then focused on the time course of helicity decrease as
estimated from CD analysis (for example, Figure 1B (a)), and
the results were analyzed using a first-order kinetic model
according to Equation (1):

log(A/�h(t))�kt/2.303 (1)

where �h(t) is the degree of helicity change of 1 as a function
of time, A is tentatively determined as �h(t) at t � �
(�h(�)) from hyperbolic curve of helicity, and k is the
apparent initial rate of �-to-� structural transition. Figure 2
shows the plot of the value log (A/�h(t)) versus incubation

Figure 2. The plot of the value log A/�h(t) versus incubation time of the
peptide 1 in water/TFE (8:2 v/v, pH 4.0, no salt). �h(t) is the amount of
helicity change in 1 as a function of time. A is tentatively determined as
�h(t) at t� 0 (�h(�)) from the hyperbolic curve shown in Figure 1B a).
Linear least-square fitting was performed for the straight line (r� 0.993).

time of the peptide 1 in water/TFE (8:2 v/v, pH 4.0, no salt). In
this figure, a linear relation (r� 0.993) is observed, indicating
the first-order structural transition of the peptide 1. The slope
of this plot (k� 4.49� 10�5 s�1) indicates the apparent initial
rate of �-to-� conversion under this condition. The same
analyses were conducted under various conditions, and the
results are summarized in Table 1. The addition of TFE, which
would weaken the hydrophobic interaction between PMLG
chains, obviously decreased the transition rate with increasing
TFE concentration. When more than 25% TFE was added,
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the �-to-� transition did not occur (no change was observed
for the far-UV CD spectra after incubation for 48 h). The
helicity obtained just after preparation of sample solutions
was increased to 68% in 25% TFE in comparison with 59%
in 20% TFE. It has been reported that for a medium-sized
polypeptide, a small amount of TFE in water acts by
diminishing the stabilization of water-exposed amide func-
tions, shifting equilibrium away from the highly solvated coil
state toward compact states that contain internally hydrogen-
bonded or solvent-sequestered amides.[36±38] Therefore, it can
be concluded that TFE increased the stability of the �-helix
structure of PMLGs, and prevented the peptide aggregation
that would have caused conformational transition into the �-
sheet as a result of the weakness of the hydrophobic
interaction between PMLGs.

The conformational properties of 1 were influenced by pH,
where in turn could induced the perturbation of a high-order
structure (tertiary and/or quaternary structures) in response
to the charged condition of amino groups of 1, as already
described. The �-to-� transition rate increased with increasing
pH up to 7.3. The highest transition rate was found to occur at
neutral pH, where the peptide 1 possesses net positive
charges, indicating the existence of an optimum packing

arrangement for the �-to-� transition. Above pH 8.0, which is
the pKa value of allylamine moiety, the conformational
transition did not take place. In this case, however, an
aggregate formation of 1 without the �-to-� conformational
transition was observed (reduction of the molar ellipticity to
half its initial value after incubation), in contrast to the case of
high TFE contents.

The addition of NaCl also influenced the conformation of 1
in a concentration-dependent manner. At lower NaCl con-
centration regions (� 10 m�), the �-to-� structural transition
rate did not change significantly. On the other hand, at higher
NaCl concentration regions (� 50 m�) the transition was
retarded in a manner similar to that seen in the higher pH
region. These results suggest that the distribution of high-
order structures of peptide 1 could be easily controlled by
manipulating environmental conditions such as solution
composition, pH, and ionic strength.

Characterizing the aggregation behavior of peptide-conjugat-
ed copolymer by fluorescence spectroscopy and atomic force
microscopy: To gain insight into the process of aggregate
formation by peptide 1, we followed its assembly as a function
of time by fluorescence spectroscopy and atomic force
microscopy (AFM). For the fluorescence spectroscopy study,
we synthesized two fluorescent derivatives of 1, containing a
small nitrobenzofurazan (NBD) or rhodamine B (RhB) group
at the amino groups of PAA segments (ca. 5% in both cases),
to use as donors and acceptors, respectively. First, fluorescent
resonance energy transfer (FRET) between NBD and RhB
was used to monitor the association of peptide derivatives of 1
following dilution of TFE into aqueous solution. For these
experiments, 1-NBD and 1-RhB TFE stock solutions were
mixed 1:1 (donor/acceptor), then subsequently diluted five-
fold in water or TFE at various conditions. Final peptide
concentration was 1.1� 10�4 glutamate unit �. Figure 3A
shows fluorescence spectral changes of the mixture of 1-NBD
and 1-RhB (1:1) in water/TFE (8:2 v/v) at pH 4.0 and in TFE.
In a TFE solution, fluorescence emission of NBD was only
observed at 533 nm, and this spectrum did not change even
after incubation for 48 h (Figure 3A c) and d)), indicating that
the peptide exists in TFE as a monomer. In contrast, in water/
TFE (8:2 v/v) at pH 4.0, efficient FRET was observed, as
evidenced by a quenching of the donor emission at 533 nm
and an increase in the acceptor fluorescence at 567 nm
(Figure 3A a)), as compared with the pure 1-NBD observed
under the same condition. The efficiency of FRET increased
significantly upon subsequent incubation for 48 h (Figure 3A
b)). This result indicates that association occurred between
peptide derivatives 1 in the mixture containing both donor
and acceptor. Figure 3B plots the time dependence of the IRhb/
INBD, the ratio of emission intensity of 1-RhB to that of 1-NBD
at various conditions. Whereas no change of the ratio of IRhb/
INBD (0.50) was observed in TFE (Figure 3B c)), the ratio
increased continuously with time and reached a constant
value (from 0.81 to 1.05) at about 5 h in aqueous solution at
pH 4.0 (Figure 3B a)). This time course of IRhb/INBD corre-
sponded well to that of the �-to-� structural transition,
indicating a strong relation between aggregate formation and
conformational transition of peptide 1. At pH 9.2, at which the

Table 1. Effects of environmental conditions on the secondary structure
and initial rate of �-to-� structural transition for the peptide 1.

Conditions[a] Initial rate of �-to-� Secondary
structural transition [s�1] structure[b]

18 1.16� 10�4 �-sheet
20 4.49� 10�5 �-sheet

TFE 23 9.63� 10�6 �-sheet
content [%][c] 25 3.06� 10�6 �-sheet

30 ± �-helix
40 ± �-helix
50 ± �-helix

100 ± �-helix

4.00 4.49� 10�5 �-sheet
4.67 7.35� 10�5 �-sheet
5.38 8.21� 10�5 �-sheet

pH[d] 7.30 1.02� 10�4 �-sheet
8.70 ± �-helix
9.20 ± �-helix
9.56 ± �-helix
9.74 ± �-helix

0 4.49� 10�5 �-sheet
2 4.32� 10�5 �-sheet

salt[e] 5 5.25� 10�5 �-sheet
(NaCl) [m�] 10 5.72� 10�5 �-sheet

30 2.09� 10�5 �-sheet
50 ± �-helix

200 ± �-helix

[a] All experiments were performed at room temperature and the constant
peptide concentration 1.1� 10�4 glutamate unit �. [b] Secondary structure
of the peptide segment was evaluated from far-UV CD spectroscopy after
incubation of the peptide 1 for 48 h in aqueous solution. [c] Effect of
solution composition on conformational properties were examined by
varying the TFE content at pH 4.0, [NaCl]� 0 m�. [d] Experiments were
conducted under the following conditions: TFE content� 20% (in vol.),
[NaCl]� 0 m�. pH of the solution was adjusted with 0.1� HCl or 0.1�
aqueous NaOH. [e] pH 4.0, TFE content� 20% (in vol.).
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Figure 3. A) Fluorescence spectral changes of the mixture of 1-NBD and
1-RhB (1:1 in peptide concentration) in water/TFE (8:2 v/v) at pH 4.0 (a
and b) and in TFE (c and d). The spectra were measured just after
preparation of sample solutions (a and c) and after incubation for 48 h at
room temperature (b and d). The total peptide concentration was 1.1� 10�4

glutamate unit �. �ex� 465 nm. B) Time dependence of IRhB/INBD, the ratio
of emission intensity of 1-RhB to that of 1-NBD, in water/TFE (8:2 v/v) at
pH 4.0 (a), 9.2 (b) and in TFE (c).

�-to-� structural transition of 1 did not occur, FRETwas also
observed just after preparation of sample solution (Figure 3B
b)). The initial value of IRhb/INBD at pH 9.2 was higher (0.92)
than that in TFE (0.50) or in aqueous solution at pH 4.0
(0.81); the intensity ratio did not increase significantly with
incubation time, despite a rapid and slight increase of the
value within 20 min. These results suggest that a large
aggregation of 1 was formed rapidly at pH 9.2, but the
additional aggregations which were observed at pH 4.0 did
not proceed.

Subsequently, the morphological change with an aggregate
formation of 1 (suggested by the FRET study) was inves-
tigated directly using the AFM technique. In the field of
structural biology, AFM is a useful technique to evaluate the
three-dimensional structural features of proteins and their
assemblies. It is, however, well known that the convolution of
the scanning tip leads to an overestimation of the sample×s
width.[39] All sample dimensions were therefore estimated
from the height of the sample in the cross section. Figure 4
shows the time dependence of AFM images (3� 3 �m2) for
peptide 1 at pH 4.0 (Figure 4a ± e) and 9.2 (Figure 4f). An
AFM image obtained just after the sample solution was
prepared (0 h), in which the PMLG graft chain took mainly
the �-helical form, revealed the presence of only nonfibrillar,
globular aggregates (Figure 4a). The average height of the
globular species was determined to be 6.0� 1.0 nm, and the

Figure 4. Time dependence of tapping mode AFM images (3 �m� 3 �m)
for peptide 1. The peptide 1was incubated for 0 h (a), 5 h (b, c), and 48 h (d)
in water/TFE (8:2 v/v) (pH 4.0) at room temperature. The image c
corresponds to the area marked with square in image b. The images e and f
show the three-dimensional height images (1 �m� 1 �m) of 1 after
incubation for 48 h at pH 4.0 and 9.2, respectively; z scale: 0 ± 40 nm.
[MLG]� 1.1� 10�4 unit �.

width was typically 40 ± 70 nm (AFM level). On the other
hand, after incubation for 5 h, 1-protofibrils (average height
4.5� 1.0 nm) were newly observed together with the globular
species (Figure 4b). Harper et al. recently reported that the
amyloid �-peptide (A�) protofibril elongation involved both
the incorporation of monomers and the association of
immature protofibrils.[40] As shown in Figure 4c, in our case,
the protofibrils were characterized by a clearly periodic
substructure, based on the finding that they were spaced at
30� 10 nm intervals along the protofibrils axis and that the
difference between the maximum and minimum heights along
the axis was 0.7� 0.4 nm. Therefore, this observation (i.e., the
similarity of shape and size between the substructures of
protofibrils and globular species) supports the idea that
protofibrils of 1 are, like the authentic amyloid fibrils (A�),
formed through the association of globular species. For 48 h
after incubation, the major portion of 1 was found to form
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amyloid-like fibril structures with an average height of 4.0�
1.0 nm and a length of 0.3 ± 1.0 �m (Figure 4d, e). These
dimensions were in fair agreement with those of typical
amyloids.[13] In contrast, an amorphous large aggregate was
observed, rather than such amyloid-like fibril structures for
peptide 1 at pH 9.2; that is, at a pH at which rapid aggregation
of 1 without �-to-� structural transition was observed (Fig-
ure 4f). These results show that the fibril formation of
peptides 1 was closely related to their conformation and their
association behavior. Furthermore, it should be noted that the
purely synthetic graft-polymer 1 which have no specific
protein sequences formed an amyloid-like fibril structure
with structural transition under appropriate conditions, as did
the other proteins associated with neurodegenerative dis-
eases.

Characterization of fibril structure : Using resolved FTIR
spectra, we determined the conformation and orientation of
the secondary structural element (�-sheet) included in the
fibril. Figure 5 shows the transmission (TM) and reflection

Figure 5. a) Transmission- and b) reflection absorption-FTIR spectra of
the peptide 1-fibril on CaF2 plate and Au plate, respectively. The fibrillar 1
assembly was obtained after 48 h incubation in water/TFE (8:2 v/v) at
pH 4.0.

absorption (RA) FTIR spectra of the fibril films of 1 on CaF2

plate and gold plate, respectively. These films were obtained
by adsorbing the peptide 1 after incubation for 48 h in water/
TFE (8:2 v/v) at pH 4.0. To obtain quantitative information
about secondary structure, we focused mainly on two bands
assigned to the amide I and amide II of peptide main chain in
TM-FTIR spectrum.[41] In the case of pH 4.0, characteristic
absorptions of amide I and II bands with the antiparallel �-
sheet structure were observed at 1695, 1627, and 1518 cm�1

(Figure 5a), whereas peptide 1 took mainly the �-helix
structure (peak maxima at 1656 cm�1, shoulder at 1627 cm�1

for amide I and 1558 cm�1 for amide II) at pH 9.2 (data not
shown). The �-sheet contents were evaluated to be 77 and
34% at pH 4.0 and 9.2, respectively, from the ratio of
integrated peak intensities assigned to a �-sheet conformation
to that of �-helical and random conformation, which were

obtained by peak deconvolution of the amide I and II bands,
respectively.[41] These values were consistent with the results
of far-UV CD measurements of peptide 1 in solutions.

In addition, it was found from Figure 5 that the intensity of
the amide I band based on the �-sheet structure (1627 cm�1)
for the RA spectrum was quite smaller than that for the TM
spectrum. The TM method emphasizes vibrational modes
parallel to the film plane, the RAmethod those perpendicular
to the surface. This enables us to calculate the mean orienta-
tional angle � (to the vertical axis of the surface) of a
vibrational transition moment using the Equation (2):

AT/AR� sin2�/(2mz� cos2�) (2)

where mz is the enhancement factor of reflection spectra with
respect to transmission spectra, and AT and AR are the
transmission and reflection absorbance of amide I
(1627 cm�1) normalized with the absorbance for the C�O
stretching band of ester group (1740 cm�1), respectively.[42] As
a result, the average angle (�) of �-sheet amide I band (C�O
stretching) was estimated to be about 85� ; in other words, the
amide bonding of peptide chain was formed parallel to the
substrate surface. AFM study revealed that most of 1-fibril
was adsorbed parallel to the surface of solid substrate
(Figure 4e). Considering this finding, the obtained value of
� indicates the presence of a regular structure, in which the
constituent �-strands run perpendicular to the long axis of a
fiber and their hydrogen bondings run parallel to this axis as
they do in an amyloid core structure.

An amyloid-like ordered structure of 1-fibril was also
supported strongly by Congo red (CR) binding study. CR is a
sulfonated azo dye that binds preferentially, but not exclu-
sively, to protein and peptide species adopting a cross-�
amyloid structure.[43] CR-stained amyloids show a green
birefringence under polarized light; this suggests that the
bound CR molecules are ordered with respect to each other.
This effect is caused by the regular structure of the amy-
loids.[44] Figure 6 shows an optical microscope image obtained
under cross-polarized light and containing the peptide 1 fibril
stained with CR.

Figure 6. Optical microscope image obtained under cross-polarized light
and containing the peptide 1-fibril stained with Congo red. The fibrillar 1-
assembly was obtained after 48 h incubation in water/TFE (8:2 v/v) at
pH 4.0.
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The stained peptide assemblies exhibited a yellow-green
birefringence under cross-polarized light. Although the
birefringence differs somewhat from the green birefringence
of amyloid,[43, 44] it is a clear indication of their anisotropy and
therefore indicates the presence of a regular quaternary
structure.

Conformational regulation of peptide-conjugated copolymer
by interacting with poly(ethylene glycol) derivatives : Both the
conformation and the morphology of peptide 1 in solution
were affected strongly by environmental conditions such as
solution composition and pH. It is therefore expected that the
distribution of high-order structures of the amyloidogenic
synthetic peptide can be controlled by using interaction with
amphiphilic compounds that affect the aggregation behavior
of peptide chains. We focused on the poly(ethylene glycol)
(PEG) derivatives as a ™conformation regulator∫. PEG is an
important biocompatible amphiphilic polymer because of its
non-toxicity and non-antigenic activity. In addition, PEG
derivatives are known to stabilize or preserve the three-
dimensional structure of proteins and in some cases even to
induce random chain polypeptides to form helical structures
through the hydrophobic interaction.[45, 46] In this study, two
types of PEG derivatives, possessing a carboxyl group (PEG-
COOH) or an amino group (PEG-NH2) at their �-termini,
were used to regulate the strength of an interaction with 1,
which was possible as a result of the electrostatic interaction.
First, we examined the inhibition effects of these PEG
derivatives on the �-to-� structural transition of peptide 1.
Figure 7 shows the helicity change of peptide 1 with time in
the absence and the presence of PEG derivatives in water/
TFE (8:2 v/v) at various pHs (helicity was estimated from CD
measurement). The addition of carboxyl-terminated PEG
derivative revealed a significant inhibition of the �-to-�
structural transition of peptide 1 based on the pH of the
solution (Figure 7b ± d), compared with the case in which no
such PEG derivatives were added (Figure 7a). In particular, in
the case of pH 6.8 (Figure 7d), an �-helix structure was

Figure 7. Time dependence of helicity of peptide 1 in water/TFE (8:2 v/v)
under the following conditions: a) at pH 4.0 without PEG derivatives, b) at
pH 4.0 with PEG-COOH, c) at pH 5.4 with PEG-COOH, d) at pH 6.8 with
PEG-COOH, e) at pH 4.0 with PEG-NH2, f) at pH 5.4 with PEG-NH2, and
g) at pH 6.8 with PEG-NH2. [MLG]� 1.1� 10�4 unit �. [PEG deriva-
tives]:[amine unit of 1]� 1:1.

maintained at about 60% content even after incubation for
24 h. In this case, peptide 1 did not form amyloid-like fibril
structures (from AFM measurement, data not shown). More-
over, it should be noted that the enhancement in helicity of 1
was observed in the presence of PEG derivative at the initial
stage, indicating the direct interaction between hydrophobic
PMLG segments and PEG segments. Based on the results of
these pH-dependent inhibitions, it can be considered that the
interaction between carboxyl and amino groups of 1 occur via
the electrostatic interaction. In fact, in the case of PEG-NH2,
which has no anionic groups, the pronounced inhibition of the
�-to-� structural transition of peptide 1 was not observed
under the same condition used to observe PEG-COOH
(Figure 7e ± g). Thus, it seems possible to prevent tight
packing among hydrophobic peptides and subsequent fibril
formation, based on the efficient interaction between 1 and
PEG, which could be enhanced by utilizing an intermolecular
attractive force such as an ion complex.

We also investigated the additional effects of PEG deriv-
ative on the conformation of peptide 1-assembly in �-sheet
form. Figure 8 shows the CD spectral change of 1-fibril in �-
sheet form with the addition of PEG-COOH in water/TFE
(8:2 v/v) at pH 6.8. As suggested above, PEG-COOH is able

Figure 8. Molecular interaction-induced secondary structural transition in
peptide 1. The peptide 1 was incubated for 48 h in water/TFE (8:2 v/v) at
pH 6.8, then PEG-COOH was added to this solution. The far-UV CD
spectral change was measured at the indicated time periods (0 ± 48 h) after
addition of PEG-COOH. [MLG]� 1.1� 10±4 unit �. [PEG-COOH]:[amine
unit of 1]� 1:1.

to interact efficiently with peptide 1 under this condition.
Interestingly, the partial conversion, from �-sheet to �-helix,
took place with incubating (0 ± 48 h), as evidenced by an
increased in the negative ellipticity at 208 nm and an increase
in the positive ellipticity at 193 nm. Prolonged incubation did
not further promote the transition. Thus, this interaction
between 1-fibril and PEG derivative does not cause the
perfect transition into an �-helix structure as was observed for
1 before �-sheet formation. These results, however, suggest
the possibility of using PEG derivatives not only as an
inhibitor of the �-to-� structural transition of peptide 1 but
also as a stabilizer for the �-helix structure, because they have
an ability to induce a partial conversion from �-sheet to �-
helix.
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Discussion

Effects of environmental conditions on the amyloid-like fibril
formation : The present results indicate that the properties of
the aggregates formed by artificial protein, hydrophobic
PMLG-conjugated cationic polyamine 1, are highly depen-
dent on environmental conditions such as the solution com-
position, pH, and salt concentration in which aggrega-
tion takes place. The ability to control the distribution
of high-order structures formed by manipulating such envi-
ronmental conditions provides insights into the assembly
mechanism. Figure 9 illustrates schematically the morphol-
ogy and the conformation of peptide 1 in solutions. In

Figure 9. Schematic illustration of morphology and conformation of
peptide 1 in water/TFE solution.

aqueous solution (� TFE 25%), the peptides 1 were self-
assembled and formed the aggregates, whereas 1 existed as a
monomer in TFE solution (Table 1, Figure 3B). These find-
ings indicated that the aggregation of 1 took place via the
strong hydrophobic interaction between PMLG chains, which
acted as a main driving force for assembly. The distribution of
high-order structures and the aggregation behaviors of these
assemblies were restricted by pH and ionic strength at this
stage. Far-UV CD and FTIR spectra of peptide 1 demon-
strated that an �-helix conformation is self-converted into
antiparallel �-sheet one under the condition of lower
pH (� 8: protonation of amino groups) and at lower salt
concentration (� 30 m�). Generally, PMLG has been known

to form a stable �-helix structure, and the �-sheet formation
would require a particular, harsh condition (e.g., high temper-
ature, mechanical stress). Thus, such a conformation for
PMLG may not be primarily so stable. In this case, however,
the amphiphilic property of peptide 1 causes tight packing of
hydrophobic PMLG chains under the acidic condition, then
the intramolecular hydrogen bonding is likely to be rear-
ranged into the intermolecular one, which induces the
conformation change of PMLG chain from �-helix to �-sheet.
In parallel with these changes in conformation, FRET studies
indicate progress of aggregate formation of peptides 1without
a lag time (Figure 3). A nucleation-dependent polymerization
model has been proposed to explain the mechanisms of
amyloid formation by a variety of disease-related pro-
teins,[47±49] and it has been well established as the fundamental
mechanism of crystal growth.[50] In this model, nucleus
formation require a step involving association with protein
monomers that is thermodynamically unfavorable, and as a
result a marked lag phase has been observed before aggre-
gation and/or conformational transition of proteins and
peptides. In our case, however, no such lag phase before fibril
formation of 1 was observed under any experimental con-
ditions. These differences in aggregation kinetics between
peptide 1 and authentic amyloids can be explained as follows.
The peptide chains of 1 are composed of highly hydrophobic
�-methyl-�-glutamate, and the peptide chains are already
forced to assemble on a flexible polymer template. Therefore,
it can be assumed that the nucleus formation steps of 1, which
are based on hydrophobic interaction of PMLG segments,
were accelerated remarkably in aqueous media (namely,
nucleus formation was supposed to occur just after prepara-
tion of sample solution), and as a result the lag phase could
not be apparently detected. In fact, it has been reported that
the addition of a previous formed aggregate (nucleus) to a
solution of monomeric amyloidogenic peptide reduces or
entirely eliminates the lag phase in aggregate growth in the
case of A� peptide.[48]

AFM measurements provide further information on the
process of fibril formation of 1. The peptide 1 was found to
form globular aggregates about 6.0 nm in height when the
peptide was dissolved in aqueous solution (Figure 4a). These
globular species are probably micellar structures consisting of
a hydrophobic PMLG core and the shell of a protonated-
allylamine unit. In addition, taking into account the fact that
the conformation of 1 was finally converted into an antipar-
allel �-sheet structure, �-helical PMLG chains of 1 were
assumed to fold in an antiparallel side-by-side orientation in
this globular form. This orientation of the polypeptides can be
explained in view of a helix macrodipole. The dipole moments
of amino acid in an �-helical peptide align in the same
direction, nearly parallel to the helix axis, then the resulting
macroscopic dipole generates an electrostatic potential,
directed from the N-terminus to the C-terminus.[51, 52] This
electrostatic field plays an important role in the high-order
structure and functions of proteins. Niwa et al. reported direct
evidence for helix ± helix macrodipole interaction by explor-
ing an attractive interaction between the disulfide-modified
poly(�-glutamic acid) self-assembled monolayer on gold and
redox active poly(�-glutamic acid) derivatives as guest
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helices.[53] Thus, the helix-macrodipole interaction (namely,
the head-to-tail antiparallel orientation of the PMLG chain,
which is energetically more favorable) probably also contrib-
utes to the stability of the high-order structure of 1-aggregate
at the initial stage (globular form) as well as to the hydro-
phobic interaction between �-helical PMLGs in aqueous
solution. Amyloid-like fibrils (ca. 4 nm) that possess a well-
defined three-dimensional regular structure (cross �) were
constructed through the process of molecular association
between the globular species, which is observed in authentic
amyloids (Figure 4c).

On the other hand, at higher pH (� 8) region or higher salt
concentration (� 30 m�), the peptide 1 was assembled
rapidly with �-helical conformation and formed poorly
organized amorphous aggregates (Figure 3B b), Figure 4f).
At high pH or high salt concentration, the positive charges
present on the peptide 1 will be screened or disappeared (pKa

of amino groups of PAA segment: ca. 8.0). This increased
tendency for intermolecular interactions between peptides 1,
which caused rapid aggregation of 1, is due to a drastic
decrease in electrostatic repulsion and an increase in hydro-
phobicity. Moreover, rapid aggregation of 1 seems to restrict
mobility of the polypeptide chains, resulting in prevention of
appropriate folding of polypeptide chains (tight packing of
peptides) necessary for conformational transition. On the
other hand, formation of highly organized fibrils requires the
development of regular intermolecular interactions involving
extended regions of polypeptide chain, which interactions are
observed for positively charged peptide 1 at low pH and low
salt concentration. This charge will probably provide suffi-
cient intermolecular repulsion to permit controlled growth of
fibrils as well as sufficient mobility of peptide chains for
appropriate folding. A similar situation was observed for non-
pathogenic protein, the SH3 domain of PI3-SH3, and the
authors also noted the importance of regular intermolecular
interactions for fibril formation which could be restricted by
charge of the side chains of amino acids.[54] These concepts will
also be supported by the fact that many proteins form amyloid
fibrils when they possess a substantial net charge on the
protein.[14, 55, 56] These studies undoubtedly will make an
important contribution to our understanding of the mecha-
nism of protein aggregation and amyloid fibril formation.

Intermolecular interaction controls the high-order structure
of aggregates : The presence of particular PEG derivatives
demonstrated obvious inhibition of the �-to-� conversion for
non-assembled peptide 1, and for assembled peptide 1 even
partially induced helical structure in �-sheet peptide. In order
to understand the therapeutics for amyloid disease, it seems
important to control the high-order structure of peptides
through external stimuli such as intermolecular interaction;
namely, through development of a conformation regulator. In
the case of peptide 1, an aggregation between hydrophobic
peptide segments is the first key step for well organized fibril
formation. In this regard, we chose a conformation regulator,
carboxyl-terminated PEG derivatives, based on the following
criteria: i) existence of an amphiphilic part that could interact
with the hydrophobic peptide domain; ii) introduction of a
functional group that would permit the effective approach of

the amphiphilic part into the neighborhood of the target
peptide domain via attractive force. The pH dependence of
the inhibition effect of the �-to-� structural transition of 1 and
enhancement in helicity of 1 observed upon addition of PEG-
COOH indicated the importance of both the PEG segment
and the carboxyl group, as expected (Figure 7). That is, the
carboxylate anion promotes effective interaction through the
ion complexation with amino cation of 1, and the PEG
segment prevents tight aggregation among polypeptide chains
by interacting with the hydrophobic PMLG chain directly and
contributes to the stabilization of the �-helix structure. Such
direct PEG±peptide interaction also partially induces the �-
to-� structural transition of 1-assembly (Figure 8). It has been
considered that proteins and peptides that are intrinsically not
rich in the �-sheet characteristic can undergo a transition from
a �-sheet to an �-helix structure. Only a few previous reports
have described a �-to-� structural transition, achieved by
manipulating the solution composition[57] or temperature.[58]

In contrast, it is postulated that secondary structural tran-
sitions occur in which a cleaved segment of a protein that is
normally found in an �-helical form is converted to a stable �-
sheet in a disease state such as scrapie or Alzheimer×s
disease.[5±8, 59] Many researchers believe that these protein
conformation changes are central to the disease process.
Therefore, these phenomena of �-to-� transition observed in
the peptide 1 model system might provide new insights for
controlling peptide conformation and contribute to the
therapeutics for amyloid disease, although our findings did
not yield a conclusive mechanism by which to explain such a
�-to-� transition. Moreover, approaches using a conformation
regulator such as the PEG derivatives would be expected to
be applicable to disease-related peptides such as the A�

peptide, since it has also been assumed that hydrophobic
defects, which derive from the hydrophobic amino acid
sequence, induce molecular aggregation for many amyloido-
genic peptides including A� peptide.[5±8] Further work con-
cerning the conformation regulator are now in progress.

Conclusion

In the present study we successfully synthesized a novel
artificial protein model, polyglutamate-grafted polyallyla-
mine, and described its structural and conformational proper-
ties in solutions. The secondary and quaternary structures of
the peptide 1 can be easily controlled by manipulating the pH,
solution composition, and salt concentration. Only under the
condition of low pH (� 8) or that of low salt concentration (�
30 m�) did the electrostatic repulsive force based on the
protonated amino groups permit the controlled growth of 1-
aggregates and the tight packing of hydrophobic PMLG
chains, resulting in induction of highly ordered fibril forma-
tion with �-to-� structural transition. These findings strongly
suggest that the formation of fibril structure is not restricted to
specific protein sequences but is, rather, a common property
of polypeptides, although the appropriate packing arrange-
ment of peptide chains is required. In addition, poly(ethylene
glycol) derivative was found to act as a ™conformation
regulator∫ through direct interaction with the hydrophobic
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peptide segment of 1, preventing tight packing of peptides and
stabilizing their �-helical structure. We believe the ability to
control the distribution of high-order structures of the model
peptide formed by manipulating environmental conditions or
intermolecular interaction provides important insights not
only for understanding the assembly mechanism of peptides
and proteins including amyloid formation, but also for
developing novel peptide-based material with well-defined
nanostructures for use in material science and engineer-
ing.

Experimental Section

Materials : Amyloidogenic peptide, poly(�-methyl-�-glutamate) grafted
polyallylamine (1), was prepared as follows (see Scheme 1). First, polyallyl-
amine (PAA, Mw� 10000, Nittobo) (1.00 g) was dissolved in water (10 mL,
pH 9.5), then a dioxane solution (10 mL) of di-tert-butyl dicarbonate
(0.96 g) was added slowly. After stirring for 8 h at room temperature, 1�
NaOH solution (50 mL) was added into the reaction mixture, then the
precipitate was washed with water and lyophilized. As a result, the PAA
copolymer in which the amino groups (40%) were protected with Boc
groups (Boc-PAA0.4-co-PAA0.6) was obtained (1.42 g). The ratio of the free
amino groups to the Boc-protected amino groups was estimated by means
of 1H NMR spectroscopy on the basis of the area ratio of the signal of -CH2-
NH2 to that of -CH2-NHCO- in the PAA side chain. Subsequently, graft-
polymerization of �-methyl-�-glutamate-N-carboxy anhydride (MLG-
NCA) was carried out using free amino groups of the Boc-PAA-co-PAA.
The MLG-NCAwas synthesized by reacting triphosgene with �-methyl-�-
glutamate in THF.[25] MLG-NCA (1.32 g) and Boc-PAA-co-PAA (0.05 g)
was added in chloroform (150 mL), and the solution was stirred for 40 h at
room temperature. Then the reaction mixture was poured into a large
excess of diethyl ether, and the precipitate (Boc-PAAgPMLG) was
repeatedly washed with diethyl ether and 1,2-dichloroethane (0.80 g).
The chemical structure of Boc-PAAgPMLGwas confirmed by IR, 1HNMR
spectroscopy and by elemental analyses. The graft-polymerization was
found to proceed for all amino groups of Boc-PAA-co-PAA on the basis of
the disappearance of the CH2 signal adjacent to the amino group in the
1H NMR spectrum. In addition, the number-average degree of polymer-
ization (n) of the PMLG graft chain was estimated to be 14 on the basis of
the area ratio of the signal of CH3 in the Boc group to that of CH3 in the
PMLG segment. Finally, the desired PMLG-grafted PAA (1) was obtained
by removal of the Boc groups in trifluoroacetic acid solution to yield 0.62 g.
The chemical structure of 1 was confirmed by 1H NMR analysis.

The peptide 1 containing nitrobenzofurazan at the amino groups of the
PAA unit (1-NBD) was obtained as follows. The peptide 1 (50 mg) was
dissolved in TFE/water (5 mL; 1:1 v/v, pH 11.0), and 4-fluoro-7-nitro-
benzofurazan (NBD-F, 0.55 mg) in ethanol (30 �L) was added into the
reaction mixture. The molar ratio of NBD-F to amino groups of 1 was 0.1.
After incubation for 1 min at 60 �C, this solution was rapidly quenched to
0 �C and dialyzed against water/ethanol (1 L; 6:4 v/v) using a Spectra/Pore
molecular porous membrane tube (Spectrum Medical Industries, Inc.,
MWCO 3500). After the dialysis, the solution was lyophilized to obtain 1-
NBD (35 mg). The peptide 1 containing Rhodamine B at the amino groups
of the PAA unit (1-RhB) was obtained by treating peptide 1 (50 mg) with
RhB isothiocyanate (1.60 mg) in TFE/water (1:1 v/v, pH 11.5), and purified
by dialyzing against water/ethanol (1 L; 6:4 v/v) in a manner similar to that
described above to yield 37 mg. The degrees of introduction of NBD and
RhB to the amino groups of peptide 1 were estimated to be 5.1 and 4.9%,
respectively, from UV-absorbance at 463 nm (NBD) and 548 nm (RhB) in
2,2,2-trifluoroethanol (TFE).

The �-methoxy-�-carboxyl-poly(ethylene glycol) (PEG-COOH, av Mw:
5000) and the �-methoxy-�-amino-poly(ethylene glycol) (PEG-NH2, av
Mw: 5000) were purchased from Sigma and Funakoshi, respectively, and
used without further purification.

Far-UV/CD and FTIR spectroscopy measurements : Far-UV CD spectra
were recorded on a J-720 WI spectropolarimeter (JASCO) under a
nitrogen atmosphere. Experiments were performed in a quartz cell with a

5 mm path length over the range of 190 ± 250 nm at ambient temperature.
Sample solutions were prepared by diluting the TFE stock solution of
peptide 1 with purified water. Final peptide concentration was 1.1� 10�4

glutamate unit � in aqueous media. The pH of the sample solution was
adjusted with 0.1�HCl or 0.1� NaOH. The helicity was calculated by using
a curve-fitting method (Greenfield et al.).[26] Transmission-FTIR spectra
were measured with the Perkin ±Elmer Spectrum 2000, using a mercury/
cadmium/tellurium (MCT) detector (resolution: 2 cm�1; number of scans:
1024). Reflection absorption spectra were obtained on an Au-deposited
glass plate using a MCT detector (resolution: 2 cm�1; number of scans:
1024). The p-polarized light was introduced onto the sample at 80� to the
surface normal. The sample and the detector chamber were purged with
dried nitrogen before and during measurement.

AFM measurement : The AFM images were collected at ambient temper-
ature on a Nanoscope IIIa (Digital Instrument, Inc.) operated in a tapping
mode using silicon cantilevers (125 �m, tip radius 5 ± 10 nm). An aliquot of
1 in water/TFE solution was placed on freshly cleaved mica. After
adsorption for 3 min, the excess solution was removed by absorption onto
filter paper. A 10 �m� 10 �m scanner was used for imaging. The scanning
speed was at a line frequency of 1 Hz, and the original images were sampled
at a resolution of 512� 512 points.

Fluorescence spectroscopy measurement : Fluorescence spectra of a
solution of 1-NBD and 1-RhB (1:1 v/v) were measured on a RF-5300 PC
fluorescence spectrophotometer (Shimadzu, Japan) at a wavelength of
465 nm for NBD excitation. Experiments were performed at room
temperature in a quartz cell with a 10 mm path length. In order to
investigate the fluorescent resonance energy transfer from NBD to RhB,
fluorescence spectra were obtained by subtracting the spectra of 1-RhB
from that of 1-NBD/1-RhB solution, since only the RhB gave a small
amount of fluorescence when the solution was excited at 465 nm.

Congo red binding study : A Congo red (Wako Pure Chemical Industries)
stock solution (150��) was prepared by dissolving the dye in water/TFE
(8:2 v/v) containing NaCl. The fibrillar 1-assembly was prepared by
incubating the sample solution for 48 h at room temperature as described
above. Binding studies were carried out by diluting the 1 solution (after a
48 h incubation) with the Congo red solution. The final concentration of
Congo red was 3�� in water/TFE (8:2 v/v) at pH 4.0 and containing
100 m� NaCl. The resulting solution was incubated at room temperature
for 3 h, and 50 �L of the solution was placed on a microscope slide and
dried. The slide was examined under a microscope (Olympus Optical,
BX50-34-FLAD-1) with cross-polarized light (magnification 1000� ).
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