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A novel artificial protein with simple primary structure,
poly(g-methyl-L-glutamate)-grafted polyallylamine, has
been prepared and the resultant peptide has shown a unique
property of pH-regulated conformation and morphology.

The self-assembly of peptides and proteins into b-sheet-rich
quaternary structures has attracted attention1 because of the
characteristic structure of these assemblies and because of their
association with neurodegenerative diseases,2 such as Alzhei-
merAs and Creutzfeldt-JacobAs. In order to understand the
mechanisms by which proteins misfold and amyloid fibrils form
in disease states, it is important to elucidate the atomic-level
structure of these fibrils and how amyloid fibrils form. In
previous studies, several proteins have been identified in
amyloid diseases,3 and these aggregates were found to have a
common core structure. Recently, DobsonAs group found that
two non-pathogenic proteins also form amyloid fibrils in vitro
under particular conditions4 and suggested that the formation of
amyloid fibrils is a property common to many of the proteins. In
synthetic systems, various peptides that have designed se-
quences for b-sheet formation through the interaction of side
chains have been prepared as a structural model of amyloid.5 In
these systems, the correlation between peptide sequence and
amyloid formation has been investigated.

Here, we describe the first example of an amphiphilic
artificial protein with an a-helical homopeptide, polyglutamate-
grafted polyallylamine, being converted into amyloid-like
fibrils with a structural transition from a-helix to b-sheet under
certain appropriate conditions. Amyloid fibril formation seems
to occur if peptide chains are folded appropriately, even for
simple synthetic peptides which have no specific protein
sequences.

A recent approach to artificial protein design is to use
template molecules,6 since protein tertiary structures can be
considered assemblies of secondary structure elements. 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 have chosen
a poly(g-methyl-L-glutamate) (PMLG) as a structural element
because of its simple structure and well-defined conformational
characteristics in solution, and we have chosen a polyallylamine
(PAA) as both a template for assembly and an initiator for graft-
polymerization.7 First, the PAA copolymer whose amino
groups (40%) were protected with BOC groups was obtained by
reacting the PAA (Mw = 10000) with di-tert.-butyl dicarbonate
in water–dioxane (1+1). Next, the graft-polymerization of
MLG–NCA was carried out from free amino groups of this
PAA copolymer in CHCl3. The number-average degree of
polymerization of the PMLG chain was determined to be 14
from 1H NMR analysis. Finally, the desired PMLG grafted PAA
(1) was obtained by removal of the BOC groups in tri-
fluoroacetic acid solution.

The secondary structure of 1 was investigated by means of
circular dichroism (CD)† and FTIR spectroscopies. At pH 4.0

(Fig. 1a), 1 showed a negative maximum at 222 and 208 nm
shortly after preparation of the sample solution, indicating the
existence of a right-handed a-helix structure. The helicity of the
PMLG units was calculated to be about 60% from the observed
molar ellipticity at 222 nm. This helicity is reasonable taking
account of the relatively short segment length of n = 14. The
CD measurements revealed a gradual change in a spectrum
typical for a b-sheet structure, with a single negative maximum
at 218 nm and a positive maximum at 197 nm after incubation
for 30 h. Generally, PMLG has been known to form a stable a-
helix structure, and the b-sheet formation would require a
particular, harsh condition (e.g. high temperature, mechanical
stress). Thus, the b-sheet structure for PMLG may not be
primarily so stable. In our case, however, the amphiphilic
property of 1 presumably causes tight packing of hydrophobic
PMLG chains under acidic conditions and then the intra-
molecular hydrogen bonding is likely to rearrange to the
intermolecular one, which induces the structural change of the
PMLG chain from a-helix to b-sheet. On the other hand, at pH
9.2 (Fig. 1b), the CD spectra showed the typical a-helix pattern
(negative maximums at 222 and 208 nm) even after 30 h,
although the molar ellipticity was reduced to half its initial
value. This reduction in ellipticity was probably caused by the

Fig. 1 CD spectral changes of 1 in water–TFE (8+2 v/v) at pH 4.0 (a) and
pH 9.2 (b). The peptide 1 was incubated for the indicated periods (0–30 h)
at room temperature. [MLG] = 1.1 3 1024 unit M.
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large aggregation8 of 1 with the a-helical form owing to the
deprotonation of amino groups of PAA units. To obtain more
quantitative information on the secondary structure, transmis-
sion FTIR spectra were measured. The peptide 1 was adsorbed
onto a CaF2 plate after incubation for 30 h in water–TFE (8+2)
at pH 4.0 and 9.2, respectively. In the amide I region,9
characteristic absorptions of an antiparallel b-sheet structure
were observed at 1695 and 1627 cm21 at pH 4.0, whereas 1 took
mainly the a-helix structure (peak maximum at 1656 cm21 and
shoulder at 1627 cm21) at pH 9.2. The b-sheet contents were
evaluated to be 77 and 34% at pH 4.0 and 9.2, respectively, by
peak resolution of the spectra obtained. It is clear from these
spectral data that the pH of the solution was responsible for
regulating the self-conformational change of PMLG graft
chains. In addition, such a structural transition of PMLG units
was found to proceed only at pH 7.8 and below. The pKa value
of allylamine moiety was estimated to be 8.0 from potentio-
metric analysis.7 On the other hand, the peptide chains involved
have no pH-responsive side chains. Therefore, it can be
assumed that the protonation of amino groups of PAA units
affected the three-dimensional packing arrangement of PMLG
chains; as a result, the structural transition of 1 was observed
only at pH < 8.

Subsequently, the amyloid-like fibril formation of 1 with an
a-to-b structural transition was observed directly by using
atomic force microscopy (AFM).‡ Fig. 2 shows the time
dependence of AFM images (3 3 3 mm2) for 1 at pH 4.0. An
AFM image obtained just after the sample solution was
prepared (0 h), in which the PMLG chain took mainly the a-
helical form, revealed the presence of only nonfibrillar, globular
aggregates (Fig. 2A). The average height of the globular species
was determined to be 6.0 ± 1.0 nm, and the width was typically
40–70 nm. It is important to note that AFM provides accurate
measurements of a sampleAs height above the substrate, but the
well-known convolution of the scanning tip leads to an
overestimation of the sample width.10 After incubation for 5 h,
protofibrils of 1 (average height 4.5 ± 1.0 nm) were observed
together with the globular species (Fig. 2B). Harper et al.
reported recently that the amyloid b-peptide (Ab) protofibril
elongation involved both the incorporation of monomers and
the association of immature protofibrils.11 In our case, the

protofibril was characterized by a clearly periodic substructure,
as they were spaced at 30 ± 10 nm intervals along the
protofibrils axis (Fig. 2C). Therefore, this observation, namely
the similarity of shape and size between the substructures of
protofibrils and globular species, supports the idea that
protofibrils of 1 are also formed through the association of
globular species. For 48 h after incubation, the major portion of
1 was found to form amyloid-like fibril structures with an
average height of 4.0 ± 1.0 nm and a length of 0.3–1 mm (Fig.
2D). These dimensions were in fair agreement with those of
typical amyloids.3 In addition, when Congo Red binding studies
of these fibrillar assemblies of 1 were examined, the stained
peptide assemblies exhibited a yellow birefringence under
cross-polarized light. Although the birefringence differs some-
what from the green birefringence of amyloid,4 it is a clear
indication of their anisotropy and therefore indicates the
presence of a regular quaternary structure. On the other hand,
this amyloid-like structure was not observed for 1 at pH 9.2, i.e.
at a pH at which no structural transition of the PMLG graft chain
was observed. In conclusion, it should be noted that this purely
synthetic homo-polypeptide formed an amyloid-like fibril
structure with an a-to-b structural transition under appropriate
conditions (pH < 8) as did the other proteins associated with
neurodegenerative diseases. These results strongly suggest that
the formation of fibril structure is not restricted to specific
protein sequences but is, instead, a common property of
polypeptides, although the appropriate packing arrangement of
peptide chains is required. We believe that this kind of work
should be helpful in studies of the mechanisms underlying the
misfolding of proteins and amyloid fibril formation.

Notes and references
† Sample solutions for CD measurements were prepared by diluting the
2,2,2-trifluoroethanol (TFE) stock solution of 1 with purified water (final
peptide concentration 1.1 3 1024 glutamate unit M, TFE content 20%). The
pH of the solution was adjusted with 0.1 M HCl or 0.1 M NaOH.
‡ The AFM images were recorded in tapping mode by placing 10 mL of 1
in water–TFE (8+2, pH 4.0) onto freshly cleaved mica. After adsorption for
3 min, the excess solution was removed by absorption onto filter paper.
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Fig. 2 Time dependence of tapping mode AFM images (3 3 3 mm2) for 1.
The peptide 1 was 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 a rectangle in image B. [MLG] = 1.1 3 1024 unit
M.
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