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The aggregation of peptides and proteins into amyloid fibrils is most commonly associated with a variety of serious
diseases such as Alzheimer’s disease and the transmissible spongiform encephalopathies (prion diseases). Amyloid-like
fibrils are undesirable states for proteins as biomolecules, however, these are fascinating nanoconstructs because of their
highly ordered tertiary structure in which numerous S-stranded polypeptide chains align regularly. These kinds of fibrous
peptides have the potential to be engineered into ones revealing basic insights into amyloid formation and protein fold-
ing, as well as developing novel peptidyl nanoscale materials. We have demonstrated that de novo designed peptides
undergo self-initiated structural transition and fibril formation, showing representative properties of amyloid. Cofibril
formation from two, three, or four peptide species with well-designed amino acid sequences was achieved, so that
the charged residues within the S-strands were complementary to each other. This homologous recognition mechanism
can be applied for the inhibition of the fibril formation. Meanwhile, cofibril formation indicates a possibility of function-
alizing the fibrils by co-assembling of peptides with various elements to develop a fibrous peptide material as a well-
ordered nanoconstruct. Another designing approach demonstrated the production of unique straight nanofibers with de-
fined widths. The fibrils may make a nanoscaffold onto which a variety of functional groups can be arranged. The studies
on engineering fibrous peptides will afford insight into desease-related amyloid formation and will help to develop nano-
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scale fibrous constructs.

Intermolecular self-assembly of a large number of polypep-
tide chains into macromolecular constructs occurs widely in
biological systems. One such macromolecular self-assemblage
of great interest is the amyloid fibril (Fig. 1).!~!” The amyloid
fibril is a misfolded and undesirable state for proteins as bio-
molecules, since it has been proposed to be a causative agent
for a variety of fatal diseases known as amyloid diseases, such
as Alzheimer’s disease and prion diseases.>® The fibril forma-
tion of peptides and proteins has attracted the attention of both
the medical and the engineering communities. Improved un-
derstanding of protein misfolding is critical to the study of pro-
teins involved in the diseases, as well as to the clarification of
the folding pathway of proteins. The pathway of protein mis-
folding involves a conformational transition, such as that from
a-helix to S-sheet (Fig. 1).192° This transition is especially
apparent in the transformation of the o-helix-rich cellular form
of the prion protein (PrP®) to the scrapie isoform with higher
B-sheet content (PrPSc).”:8.2425

On the other hand, the amyloid fibril has a highly ordered
tertiary structure, in which numerous S-stranded polypeptide
chains align regularly,’'22%-28 and there are therefore promis-

ing prospects for the application of this macromolecular con-
struct in the use of proteinous materials.?*=° Amyloid fibrils
of misfolded natural proteins primarily comprise a single poly-
peptide species, a homogeneous self-assemblage. It is of great
value to establish a method of fabricating and engineering fi-
brous peptides for the advancement of the creation of novel bi-
omaterials. Simplified engineered peptides designed by the de
novo strategy can provide useful information for constructing
and manipulating peptide conformations,***> and elucidating
complex folding and misfolding mechanisms. Peptides de-
signed for B-sheet folding have been studied and the subse-
quent formation of fibrils has been characterized.**-® A vari-
ety of designed peptides have been characterized as fibrillo-
genic ones, and their applications to molecular materials have
been attempted in the fields of cell and tissue engineering and
bionanomaterials,3+-36:49:57.38

Thus, many fibrous peptides and proteins including both
natural and artificial ones have been investigated. In this ac-
count, we describe our designs of amyloid and fibrous peptides
and discuss the control of the formation and morphology. We
have demonstrated that de novo designed peptides undergo
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Fig. 1.

500 nm

Structural transition of peptide from «-helix to aggregated B-sheet (amyloid fibril; cross B-structure). An example of

amyloid fibrils is shown; transmission electron micrograph (TEM) of Alzheimer’s amyloid B-peptide (1-40).

self-initiated structural transition and fibril formation, showing
representative properties of amyloid.>*% Cofibril formation
from two, three, or four peptide species with well-designed
amino acid sequences was achieved, so that the charged resi-
dues within the B-strands were complementary to each oth-
er.%%* This homologous recognition mechanism can be ap-
plied for the inhibition of the fibril formation.®® Meanwhile,
cofibril formation indicates a possibility of functionalizing
the fibrils by co-assembling of peptides with various elements
to develop a fibrillar peptide material as a well-ordered nano-
construct.®” Another unique designing approach demonstrated
the production of straight nanofibers with defined morpholo-
2y.%8 The fibrils may make a nanoscaffold onto which a variety
of functional groups can be arranged. The studies on engineer-
ing fibrous peptides will afford insight into desease-related
amyloid formation and also will help to develop nanoscale
fibrous constructs.

1. Design of a-to-f Transitional and Fibril
Forming Peptides

1.1 Design. A number of studies on disease-related pro-
teins, such as those involved in Alzheimer’s or the prion dis-
eases, have led to recent improvements in our understanding
of protein misfolding. The misfolding of proteins often causes
a protein aggregation, initiating the fibril formation seen in S-
amyloid peptides, prion proteins, and other amyloidogenic pro-
teins. It is necessary to study the nature of the proteins in order
to understand such critical diseases. The pathway of protein
misfolding involves a conformational transition, for example,
from «-helix to B-sheet (Fig. 1).!3-25 This transition is espe-
cially apparent in the transformation of the o-helix-rich cellu-
lar form of the prion protein (PrPC) to the scrapie isoform with
higher S-sheet content (PrP5¢).782425 Similarly, B-amyloid
peptides composed of 40-42 amino acid residues, which have
some «-helical propensity in solution, are also transformed to
the amyloid form with a cross-S-sheet structure.?’ In general,

one cause of protein misfolding and transformation is thought
to be the exposure of the hydrophobic region of proteins in an
unstable form to water environments, and the formation of ag-
gregates that follows.'®!7 On the other hand, similar c-to-8
transitions also occur through the correct-folding pathway in
proteins with a non-hierarchical mechanism, such as f-lacto-
globulin.?’?> Moreover, the short peptide sequence named
“chameleon” has been shown to adapt either an «-helix or a
B-strand at a different position in the same protein.?? These be-
haviors suggest that the key feature in the o—f3 transition is the
conversion from short-range interactions between nearby ami-
no acid residues stabilizing an @-helix structure to long-range
interactions between secondary structures stabilizing a S-sheet
structure.2!?2 That is, the structural transition is very much re-
lated to aggregation/association of peptide segments.

We have found that a hydrophobic nucleation domain, i.e., a
hydrophobic defect, caused a structural transition of a peptide
from an «-helix to a f-sheet structure. We here describe the
design of model peptides that undergo a self-initiated and
spontaneous o-to-f3 transition and self-assemble into amyloid
fibrils in a neutral aqueous solution (Fig. 2).°-%% The designed
peptide would give insight in an o-to-f transition and fibril
formation of peptides and proteins.

A series of these peptides are composed of two amphiphilic
a-helices with double-heptad repeats (ALEQKLA),. The two
peptide chains are linked by a disulfide bond between Cys res-
idues at the C-termini. Although an ideal amphiphilic a-helix
has been designed, the sequence created also has the potential
to form an amphiphilic B-strand**#! in which hydrophobic res-
idues and charged residues are separated on different faces of
each heptad and such amphiphilicity is inverted at the center of
each segment. A 1-adamantanecarbonyl (Ad) group as a hy-
drophobic domain is attached to the N-terminus of the peptide
and is thus exposed to the solvent, which then caused intermo-
lecular peptide associations through hydrophobic interac-
tions.”>® The adamantane group was selected as the hydropho-
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Fig. 2. Designed structure of the peptides. (a) Primary
structure of the peptides with a 1-adamantanecarbonyl
(Ad) group or aliphatic acyl groups (Cn) at the N-terminal.
(b) A helix wheel drawing as a coiled-coil form and a net
drawing of the core 14-residue peptide. (c) Schematic rep-
resentation of associated S-structures of the core 14-pep-
tide with hydrophobic moiety.
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bic domain so that B-cyclodextrin could prevent the a-to-8
structural transition by complexation.®*7! Peptides with an
acyl group in a variety of lengths (C2—C16) at the N-terminus
are examined to know the effect of the hydrophobic moiety.®
The 17-peptide was synthesized by the solid-phase method
using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry.”> The
dimeric peptide was synthesized via the disulfide linkage
between Cys residues at the 17th position.

1.2 a-to-fB Structural Transition. The structural transi-
tion of peptides can be examined by circular dichroism (CD)
measurements. The EKEK peptide (10 uM) showed a CD
spectrum typical for an «e-helix structure shortly after dilution
in a buffer (pH 7.4) from the 2,2,2-trifluoroethanol (TFE) solu-
tion (Fig. 3). Observation of the CD spectrum revealed a grad-
ual change to a spectrum typical for a B-structure, with a single
negative maximum at 218 nm and a positive maximum at 198
nm after 4 h at 25 °C. The time course of the structural tran-
sition was quite sigmoidal, that is, after the lag time (ca. 90
min) the «-helix conformation was rapidly transformed to
the B-structure. The slow and autocatalytic shape of the tran-
sition bore a resemblance to the shapes of the fibril formation
of natural amyloid peptides.* The autocatalytic pathway of the
transition was also suggested by the observation that the tran-
sition was accelerated by seeding of a small amount (5%) of
pre-formed B-structural EKEK, resulting in the elimination
of the lag time. Fourier-transform infrared (FTIR) measure-
ments also confirmed the c-to-f structural transition of EKEK.

1.3 Amyloid Fibril Formation. To characterize the aggre-
gated and amyloid structure of the peptide, a transmission elec-
tron microscopy (TEM) experiment was employed. EKEK
which was in a B-form (8 h after dilution at 25 °C) was absorb-
ed onto a carbon-coated copper grid and negatively stained
with uranyl acetate. TEM studies clearly showed that the S-
structural EKEK formed a fibrillar structure (Fig. 4). The fi-
brils were ~10 nm in width and of indeterminable length (sev-
eral hundreds nanometers to several micrometers), and aggre-
gated into dense bundles. The morphology of the fibrils formed
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Fig. 3. CD studies of the designed peptides. CD spectral changes of Ad-EKEK (a) and time course of changes in the molar ellip-
ticity at 205 nm of Ad-EKEK (closed circle) and C8-EKEK (open circle) (b).
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Fig. 4. TEM of Ad-EKEK in the B-sheet. The sample was absorbed to the grid, and then negatively stained with 2% aqueous uranyl

acetate. The boxed area in (a) is magnified as (b).

by EKEK is comparable to that produced by naturally-occur-
ring amyloid proteins and peptides, such as f-amyloid pep-
tides and prion proteins.’~!226-28

The amyloid formation of EKEK was also examined by
amyloid-specific dye binding analyses using thioflavin T
(ThT) and Congo Red (CR). The fluorescent dye, ThT, associ-
ates with aggregated B-sheet fibrils, and that binding gives rise
to a significant enhancement in fluorescence according to the
amount of amyloid.”® ThT showed a new excitation maximum
at 435 nm and an enormously enhanced emission at 482 nm.

To monitor the amyloid formation process of the peptide,
we added ThT to the EKEK solution after various incubation
periods (Fig. 5). The time course of fluorescence intensity at
482 nm was superimposed on that of ellipticity at 205 nm,
which corresponded to the secondary structure transition, sug-
gesting that the amyloidogenesis occurred coincidentally with
the a-to-f structural transition. After the peptide took the (-
sheet, no significant enhancements in ThT emission were ob-
served. These results indicate that the peptides transformed
to a B-structure assemble simultaneously into amyloid fibrils
and that the amyloid formation almost completes during the
secondary structure transitional process.

CR is a sulfonated azo dye which binds preferentially to
protein, adopting a cross-f-structure (Fig. 6).”* When EKEK
transformed to a B-sheet was added, CR showed an absorption
spectrum characteristic for that of CR bound to a cross--sheet
amyloid fibril, which exhibits double maxima at approximately
514 nm and 530 nm. This result indicates that S-structural
EKEK assembles into a regular tertiary structure consistent
with a cross-f-sheet structure.

1.4 Effect of Hydrophobic Group. It became clear that N-
terminal acyl groups of particular lengths such as Ad in a 2¢-
helix peptide (EKEK) caused the peptide to undergo an a-to-f3
transition.”® Among the acyl-chained 2c-peptides ranging
from C2 to C16, the octanoyl C8 group was the most effective
for inducing the o-to-f transition (Fig. 7).°° Using the octano-
yl group provided optimum hydrophobicity for the conforma-
tional defects. The peptides with lower hydrophobicity than C6
(C2- and C4-EKEK) showed a lower «-helix propensity, but

did not completely transform to a S-structure. The peptides
with higher hydrophobicity than C10 (C12- to C16-EKEK)
formed stable a-helix oligomers, but did not transform to a
B-structure. The 2c-peptides with longer acyl chains (C12-
to C16-EKEK) formed more stable o-helices than C8-EKEK
due to the formation of oligomers in the initial a-helix state.
The transitional peptides (C6-, C8-, and C10-EKEK) were in
a monomeric state at the initial stage and then aggregated to
B-sheets, forming fibrous structures.

This study using the acyl chains, in addition to the previous
work with Ad-group, suggests that unstable «c-helix aggregates
(oligomer or larger) are an intermediate (first nucleus) of the
structural transition (Fig. 8). Based on this assumption, the
conformation of a peptide with moderate hydrophobicity, such
as that of Ad-EKEK or C8-EKEK, would exist in an equilibri-
um between monomers and aggregates in «-helix. When a crit-
ical amount of a-helix aggregates accumulate, which gives
rise to new long-range (intermolecular) interactions, the pep-
tide conformation transforms to f-sheet in an autocatalytic
manner. The time necessary for the accumulation of «-helix
aggregates may correspond to the lag time for nucleation,* al-
though the o-helix aggregates are so unstable that they cannot
be easily detected by a method such as size-exclusion chroma-
tography. Once the f-aggregates appear, monomeric or oligo-
meric a-helix species could further transform to the B-sheet on
the template aggregates. In contrast, when a peptide forms sta-
ble «-helix oligomers such as C12- to C16-EKEK, the confor-
mation of the peptide is not transformed. A peptide with a less
hydrophobic domain, such as C2-EKEK, remains stable as a
monomeric 2¢¢-helix and cannot form an «-helix nucleus, thus
it cannot acquire the long-range interaction which would stabi-
lize the B-structure. Therefore, there appears to be an optimum
length for the hydrophobic domains.

One role of the hydrophobic domain would thus be the for-
mation of an «-helix nucleus. In other words, the hydrophobic
clustering by the conformational defects may form unstable a-
helix aggregates, which would then initiate the cooperative
conversion from short-range interactions to long-range interac-
tions, thereby triggering the autocatalytic transition to -sheet
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Fig. 5. Thioflavin T (ThT) binding analysis. (a) Excitation spectra (left) and emission spectra (right) of ThT in the presence of Ad-
EKEK in a-helix (0 h) (thin line) or B-sheet (8 h) (bold line). Adem = 482 nm (left) and Aex = 435 nm (right). (b) Time course of
ThT fluorescence intensity at 482 nm (closed square) in the presence of Ad-EKEK and the molar ellipticity at 205 nm of Ad-
EKEK (open circle). [Ad-EKEK] = 10 uM and [ThT] = 6 uM in 20 mM Tris—HCI buffer (pH 7.4)/2.5% TFE at 25 °C. (c) Struc-

ture of ThT is indicated.

conformation. The two-segmental peptide is designed to form
either an amphiphilic a-helix or an amphiphilic B-sheet using
Leu residues for the hydrophobic core (Fig. 2), indicating that
it has a chameleon property.2* The conformation of such a de
novo designed peptide has been characterized as a molten-
globule-like structure.*> Although the mechanism of the o-
to-3 transition step is certainly more complex and will require
further clarification, it is plausible that the formation of unsta-
ble a-helix aggregates like a molten-globule-like structure oc-
curs during the lag time and is the rate-determining step and,
therefore, that the initial «-helix structure and its stability
are significant determinants for the transition. It has also been
suggested that the formation of relatively unstable intermedi-
ates of proteins in folding pathways or by unfavorable muta-
tions triggers the aggregation and structural transition.'3"!7 Es-
pecially in the prion proteins, it has been proposed that the
transformation from an «-helix to a B-sheet structure induces

the formation of aggregates as a seed for amyloidogenesis.”3?

The formation of a-helix structure seems to be important in
the transition kinetics, because the transition of peptides with
an almost random conformation takes much longer time
and/or needs higher temperature and concentration than that
of peptides with an «-helix structure. The initiation of «-to-
B transition by introducing hydrophobic domains may provide
insight into the conformational changing process that has been
widely observed in protein research. The design concept em-
ployed here could potentially lead to a model system for con-
trolling self-assembly of polypeptides, which will also lead to
the development of peptidyl self-assembling materials.

1.5 Effects of Cyclodextrin, Organic Solvent, Tempera-
ture, pH, and Detergent. It is well known that B-cyclodex-
trin (BCDx) strongly captures an adamantane derivative into
the hydrophobic cavity.®~7! Therefore, BCDx was expected
to prevent the peptide aggregation by capturing the exposed
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Fig. 6. Congo Red (CR) binding analysis. (a) Absorption
spectra of CR in the presence of Ad-EKEK incubated
for O h (thin line) or 8 h (bold line) in the buffer at 25
°C. (b) Time course of the amount of CR bound to the
B-sheet fibrils formed by Ad-EKEK. [Ad-EKEK] =9
UM and [CR] = 10 uM. (c) Structure of CR is indicated.

Ad group within the cavity (Fig. 9). The addition of SCDx to
the solution of peptide EKEK while it was in the «-helical
state retarded the c-to-f transition with increasing concentra-
tion of BCDx. The addition of 10 equiv. of BCDx to the Ad
group completely inhibited the transition. Size-exclusion chro-
matography revealed that the association of peptides did not
take place in the presence of SBCDx. The prevention of the ag-
gregation with SCDx inhibited the structural transition. The
Ad groups are defects in the «-helix peptide and nucleate
the peptide aggregation, which subsequently causes the struc-
tural transition.

The increasing temperature accelerated the structural transi-
tion, and chilling decreased the transitional rate. The tempera-
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peptides with various acyl chains. The data were evaluated
by changes in the molar ellipticity of CD at 205 nm. C2
and C12-16 are non-transitional peptides.

ture-dependence of the reaction supports the idea that hydro-
phobic interactions are responsible for the aggregation and
the transition. The lag time was proportional to ¢, of the «-
to-f transition curve, indicating that the lag time is essential
for the transition. The lag times are considered to be necessary
for the nucleation of the amyloid formation.*

The structural transition of EKEK was dependent on the
concentration of peptide. The «-to-f transition occurred at
the concentration of 2 uM. Increases of peptide concentration
of up to 10 uM linearly enhanced the transition rate with short-
ening the lag time period for B-sheet formation. This concen-
tration dependence supports the above assumptions that the lag
time is essential to the structural transition and that the aggre-
gation process coincides with the reaction. Further increasing
the concentration to more than 20 uM prevented the analyses
due to the rapid formation of insoluble materials.

As shown in the illustration of the peptide as a B-form
(Fig. 2), the hydrophobic Leu residues and hydrophilic Glu
and Lys residues are separated to form a kind of amphiphilic
B-structure. The hydrophobic interactions between Leu resi-
dues and the electrostatic interactions between Glu and Lys
residues contribute to the structural transition. Therefore, the
addition of an organic solvent TFE and detergents should af-
fect the transition of EKEK. Salt and pH were also effective.
The addition of TFE to weaken the hydrophobic interaction
between Ad groups or Leu residues decreased the transitional
rate linearly with increasing content of TFE. When more than
5% TFE was added, the transition did not occur and the pep-
tide remained as a monomer.

The highest transition rate took place at neutral pH, but the
rate was retarded by changing to acidic or basic pH. At pH 3,
the structural transition did not take place and the peptide was
monomeric on the size-exclusion column. At pH 9, the transi-
tion rate was one-third of that at neutral pH. The addition of
NaCl also retarded the structural transition in a concentra-
tion-dependent manner, the rate with 1 M NaCl being one-
third of that without the salt. These pH and salt effects suggest-
ed that the electrostatic interactions also contribute, along with
the hydrophobic interactions, to the ®-to-f3 transition. Further-
more, the inhibition experiments, in which SCDx or TFE was
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added or pH was changed, showed that prevention of the pep-
tide aggregation inhibits the ®-to-f transition, supporting the
conclusion that the peptide aggregation is an important step
for the transition.

A cationic detergent cetyltrimethylammonium bromide
(CTAB) and an anionic detergent sodium dodecyl sulfate
(SDS) similarly retarded or inhibited the structural transition
of EKEK in a concentration-dependent manner. Both deter-
gents completely inhibited the transition at concentrations over
0.5 mM. The detergents could be expected to affect the hydro-
phobic interactions between Ad groups and between helices,
resulting in perturbation of the 3D structure. It is noteworthy
that the non-ionic detergent NP-40 (polyoxyethylene(9) octyl-
phenylether) did not influence the structural transition up to 5
mM. Perturbation of both electrostatic and hydrophobic inter-

H
H OH
H
" H
oH
H
H
HOH

B-Cyclodextrin

Illustration of the ®-to-B transition of Ad-EKEK and inhibition by SB-cyclodextrin.

actions by the cationic and anionic detergents is effective for
inhibiting the reaction.

2. Heterogeneous Assembly of Complementary
Peptide Pairs into Amyloid Fibrils

2.1 Design. Intermolecular self-assembly of a large num-
ber of polypeptide chains into macromolecular constructs oc-
curs widely in biological systems. One of such macromolecu-
lar self-assemblages of great interest is the amyloid fibril.
Amyloid fibril primarily comprises a single polypeptide spe-
cies, namely, it is a homogeneous self-assemblage. This may
be related to species specificity in the infectious agent of a
prion.” Meanwhile, heterogeneous co-assembly of designed
peptides into fibrils would be beneficial to be engineered into
peptidyl materials.>” We have accomplished the heterogeneous
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Table 1. Structure of Designed Peptides with Various
Arrrangements of Charged Residues

Total charge

Peptide X; X, X3 Xy at neutral pH
IJEEEE E E E E - — — -— -8
2EEEK E E E K - — — + —4
3EEKE E E K E - - — —4
4EKEE E K E E —-— 4+ — — —4
SKEEE K E E E + - — - —4
6EEKK E E K K — — 4+ + 0
7EKEK E K E K - + — + 0
S8EKKE E K K E - + + - 0
9KEEK K E E K 4+ — — + 0
I0OKEKE K E K E 4+ — 4+ -— 0
11LKKEE K K E E + + — -— 0
12EKKK E K K K - 4+ + + +4
13KEKK K E K K 4+ — 4+ + +4
14KKEK K K E K + 4+ - + +4
IS KKKE K K K E + 4+ + - +4
16 KKKK K K K K + + + + +8
SO - BAIa-ALX; QX,LAALX QX LA-BAla-C-NH;
(0]

@\g,/ BAla-ALX; QX,LAALX3QX,LA-BAla-C-NH;

assembly into fibrils by complementary electrostatic interac-
tions between pairs of peptide species; each of which is not
able to self-assemble 5364

The design of peptides that could heterogeneously assemble
into amyloid fibrils commenced by engineering our de novo
designed peptides that homogeneously self-assembled into fi-
brils. The peptides undergo a self-initiated structural transition
from an o-helix to a B-sheet in neutral aqueous solution, and
simultaneously self-assemble into fibrils in an autocatalytic
manner. The parent peptide was 7.EKEK in Table 1. The ami-
no acid sequence of the original peptide contains four charged
residues; two glutamic acid (negatively-charged E) residues
and two lysine (positively-charged K) residues (Table 1). We
manipulated these charged residues as the complementary de-
termining residues for the peptide assembly into fibrils. To this
end, we prepared all types of Ad-linked peptides bearing glu-
tamic acid or lysine residues at positions X;—X4 (Table 1).
Conformational analysis of these peptides was carried out by
CD spectroscopy, and fibril formation was analyzed by TEM
and amyloid-specific dye ThT binding studies.

2.2 Two Peptide Species into Fibrils. CD studies revealed
that all 16 peptides predominantly formed an «-helix or a ran-
dom coil structure depending on their sequences shortly after
dissolution in the neutral buffer (12 uM at 25 °C). No B-sheet
structure was observed in the initial stage. Since intermolecu-
lar association of the peptides is required for the formation of
B-sheet fibrils, it is expected that neutrally-charged peptides
will assemble into fibrils more readily than negatively- or
positively-charged peptides. The CD, TEM, and ThT-binding
studies revealed that, among the six neutrally-charged peptides
(6.EEKK to 11.KKEE), four peptides, 6.EEKK, 7.EKEK,
10.KEKE, and 11.KKEE, were able to self-assemble into S-
sheet fibrils after 4 h. The other two neutrally-charged pep-
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Fig. 10. Amyloid fibril formation of 16 designed peptides
examined by the ThT assay. Peptides No. 6, 7, 10, and
11 are confirmed to form fibrils by TEM.

tides, 8. EKKE and 9.KEEK, were not able to form S-sheet fi-
brils even after 4 days (Fig. 10). These results suggest that the
positions of positive and negative charges are critical for the
well-organized assembly of B-strands, and that these four pep-
tides have self-complementary sequences which enable them
to homogeneously self-assemble into fibrils (discussed below).
None of the negatively- (1.EEEE to 5.KEEE) or positively-
charged peptides (12.EKKK to 16.KKKK) was able to form
B-sheet fibrils (Fig. 10), which is due to their disfavored inter-
molecular associations.

From all possible mixing pairs of 16 peptides (total 120
combinations), we searched for complementary pairings that
enabled heterogeneous co-assembly of two peptide species in-
to amyloid fibrils.®* Two species were mixed at equimolar ra-
tios (6 UM each) and incubated in neutral buffer for 24 h, and
then fibril formation was examined by ThT-binding analysis
(Fig. 11). The combinations of interest are those of negatively-
and positively-charged peptides that neutralize the net charge
(blue region in Fig. 11). Since none of them is able to form
B-sheet fibrils individually (Fig. 10), co-assembly into fibrils
is expected only when another peptide species coexists in
the solution. From the blue region in Fig. 11, four specific
pairings were selected as fibril-forming ones. The TEM study
confirmed that these mixtures indeed formed the fibrillar as-
semblages. The CD studies revealed that each of the four se-
lected pairs formed an o-helix structure initially, and changed
to a fB-sheet structure spontaneously, whereas each species
alone existed predominantly as an a-helix or random coil over
4 days. In each of the four pairs, the a-helicity of the mixture
was higher than the values in single species solutions, suggest-
ing that the two species interact with each other prior to S-
sheet fibril formation. Additional fibril-forming pairing was
observed in 8. EKKE/9.KEEK (Fig. 11), each of which was
neutrally-charged but unable to form fibrils individually
(Fig. 10).

2.3 Three and Four Peptide Species into Fibrils. Next,
the complementary triplets (three different peptides) that heter-
ogeneously co-assemble into the fibrils were identified from
the peptide library.®* In this screening, we examined mixtures
of two different peptides from anionic 2.EEEK-5.KEEE to-
gether with an additional cationic peptide 16.KKKK. These
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Fig. 11. Complementary peptide pairs capable of assem-
bling heterogeneously into fibrils. Fibril formation of the
two-peptide mixtures was examined by the ThT-binding
analysis using a multi-well plate reader. The fluorescence
intensities of ThT in the presence of the mixtures are rep-
resented by the black color density of the circles, and re-
gions of interest are marked in blue and yellow.

combinations (two —4-peptides and one +S8-peptide) were
chosen for three reasons: 1) no species can form the fibrils
by itself;®3 2) no two pairs selected from these peptides can
be the complementary pairs for the heterogeneous assembly;®
and 3) the equimolar mixture of these three species neutralizes
the net charge. Thus, six possible combinations of triplets were
generated (Fig. 12a).

Three species were mixed at equimolar ratios (4 UM each,
total 12 uM) and incubated in a buffer (pH 7.4) at 25 °C.
The fibril formation of triplets was then examined by the
ThT and TEM analyses (Fig. 12a). The results of this screen-
ing indicated that only two combinations, 2.EEEK/4.EKEE/
16.KKKK and 3.EEKE/5.KEEE/16.KKKK, are fibril-forming
complementary triplets. The CD study revealed that these mix-
tures (2.EEEK/4.EKEE/16.KKKK and 3.EEKE/5.KEEE/
16.KKKK) initially form an «-helix structure and then change
to a B-sheet structure within 2 days. Furthermore, the a-helic-
ity of these three-peptide mixtures at the initial stage was high-
er than that of solutions containing the single species, suggest-
ing that these species interact with each other prior to B-sheet
fibril formation. The complementary interactions of the charg-
ed groups are also important in -helix formation at the initial
stage.

Furthermore, heteroassembly of four peptide species com-
plementarily into amyloid fibrils was also accomplished
(Fig. 12b).%* In identifying complementary triplets described
above, the triplets 2.EEEK/3.EEKE/16.KKKK, 2.EEEK/
5.KEEE/16.KKKK, 3.EEKE/4.EKEE/16.KKKK, and
4 EKEE/5.KEEE/16.KKKK were unable to assemble comple-
mentarily into the fibrils (Fig. 12a). It was thought possible
that the addition of a fourth species to these non-complemen-
tary triplets might lead to the complementary assembly of four
species into amyloid fibrils. 8. EKKE and 9.KEEK were chosen
to be the fourth species because each is neutrally charged and
is unable to form the fibrils individually. The equimolar mix-
ture of four species including 8.EKKE or 9.KEEK results in
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Fig. 12. Complementary peptide triplets and quadruplets
capable of assembling heterogeneously into fibrils. Fibril
formation of the three-peptide (a) and four-peptide (b)
mixtures was examined by the ThT-binding analysis.

the neutralization of the net charges (two —4-peptides, one
+8-peptide and one 0-peptide). All eight combinations of
quadruplets were thus generated (Fig. 12b).

The four species were mixed at equimolar ratios (3 uM
each, total 12 uM) and incubated in the buffer for 5 days at
25 °C. The ThT-binding analysis indicated that two quadru-
plets, 2.EEEK/5.KEEE/8.EKKE/16.KKKK and 3.EEKE/
4 EKEE/9.KEEK/16.KKKK, possess an outstanding ability
to form amyloid fibrils, but the others possess little or no such
ability (Fig. 12b). The TEM study revealed that the morphol-
ogy of the fibrils formed by the quadruplet mixtures is essen-
tially identical to that of fibrils formed by the complementary
triplet mixtures.

2.4 Complementary Assembly Model. The results shown
in Fig. 11 clearly demonstrate that there are complementary
pairings of the peptides which enable them to assemble heter-
ogeneously into amyloid fibrils.®> From the fibril-forming
two-species combinations, 2.EEEK/12.EKKK, 3.EEKE/
13.KEKK, 4.EKEE/14.KKEK, 5KEEE/15KKKE, and
8. EKKE/9.KEEK, we observed a trend explaining why these
pairings are compatible. As shown in Fig. 13, in all five cases,
if the two species are aligned inversely, they are able to form
complete negative-positive charge pairings. Thus, two species
of B-strands would be arrayed in antiparallel to form ion pairs
in the fibrils. This trend also illustrates why some neutrally-
charged peptides are able to form fibrils homogeneously, but
others are not (Fig. 10). The homogeneous fibril-forming pep-
tides, 6.EEKK, 7.EKEK, 10.KEKE, and 11.KKEE, can form
ion pairs intermolecularly if the strands are aligned in antipar-
allel, meaning that their sequences are self-complementary
(Fig. 13).

According to the above model, a schematic representation
illustrates the heterogeneous co-assembly of three or four spe-
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(a) Single species assembly

others:
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7.EKEK
11.KKEE

10.KEKE

(c) Three species assembly

2.EEEK/4.EKEE/16.KKKK

other:
3.EEKE/5.KEEE/16.KKKK
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(b) Two species assembly

others:
2.EEEK/12.EKKK
4 EKEE/14.KKEK
5.KEEE/15.KKKE
8.EKKE/9.KEEK

3.EEKE/13.KEKK

(d) Four species assembly

2.EEEK/5.KEEE/8.EKKE/16.KKKK

other:
3.EEKE/4.EKEE/9.KEEK/16.KKKK

Fig. 13. Assembly models of complementary peptide singlets, doublets, triplets, and quadruplets. Complete sets of complementary

charge residues are accomplished.

cies as shown in Fig. 13.% In the assembly of triplet or quad-
ruplet peptides, an antiparallel molecular arrangement was also
applied. This model of amyloid assembly is an idea combining
both the complementary assembling models of the electrostatic
face®® and the hydrophobic face.®> The model in Fig. 13 can
explain why the two triplets or quadruplets are able to form
amyloid fibrils among six or eight combinations of three or
four peptide mixtures, respectively. In this model, both the
electrostatic and hydrophobic interactions were complementar-
ily arranged at both upper and lower faces of B-strands. Com-
plete sets of matched charged residues, E and K, are accom-
plished only when the two triplets or quadruplets are aligned
in the complementary manners.

The heterogeneous assembly into fibrils is obviously accom-
plished by the complementary interactions between two, three
or four peptide species.®>% These models demonstrated that
both the peptides homogeneously assembling into amyloid fi-
brils and the peptide pairs assembling heterogeneously must
follow the rule of the complementary pairings of charged res-
idues E(—) and K(+) between fS-strands laminated into amy-
loid fibrils. In other word, the peptides unable to form the elec-
trostatic parings cannot form amyloid fibrils easily. Also, in re-
spect to the hydrophobic face of the B-strand, the similar com-
plementary pairing was found to be essential to form two-
species co-assembly of analogous peptides mutated at the hy-

drophobic face.®?

In these co-assembling studies, heterogeneous combinations
of two, three, or four peptide species, each of which is unable
to self-assemble individually, assemble complementarily into
amyloid fibrils and simultaneously undergo an a-to- structur-
al transition. MacPhee and Dobson reported the incorporation
of fluorescent labels into the fibrils by the co-assembly of two
peptide species derived from natural proteins (1% w/w of a la-
beled peptide and an unlabeled one), where the labeled peptide
is distributed irregularly in the fibril.3” The results presented
here are the first demonstration of an approach for constructing
a heterogeneously assembled polypeptide fibril composed of
multiple species, in which the alignment and orientation of
each species may be highly ordered. This could be accomplish-
ed by using simplified de novo designed polypeptides. Thus,
this approach will enable the site-specific incorporation of
multiple kinds of functional groups or structural probes (e.g.,
isotopes, fluorophores, and spin labels) into this construct with
the sequential array in the fibril. This is an important step to-
ward the creation of nanoscale materials through the use of
polypeptide fibrils with novel functional, physicochemical,
and mechanical properties (discussed later).3*33 To efficiently
study the fine details of protein organization, the use of simpli-
fied model peptides like those presented here leads to a clearer
understanding of underlying mechanisms whereby conforma-
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tional change and the aggregation/assembly of proteins occur.
Moreover, the complementary assembly of B-strands demon-
strated here will lead to the identification of the precise molec-
ular details of the amyloid structure which have not yet been
fully resolved.””'? This strategy using homologous peptides
can be also applied to design of inhibitors developed on the ba-
sis of molecular models. This topic is developed in the next
section.

3. Inhibition of Fibril Formation by Cationic
Peptides with Homologous Sequences

Conformational alternation and fibril formation of proteins
have a key role in a variety of amyloid diseases including
Alzheimer’s and prion diseases. We have successfully devel-
oped peptides that undergo self-initiated structural transition
from «-helix to B-sheet and self-assembling into amyloid fi-
brils.’*% Peptides could be manipulated to assemble into
amyloid fibrils in single and multiple (two, three, and four)
species.”%* These studies afforded the idea that homologous
sequences of peptides have key roles in the B-sheet assembly
and amyloid formation. Generally, the amyloid peptides and
proteins undergo self-assembling into fibrous structures. That
is, the peptides and proteins make amyloid fibrils homogene-
ously, thus exhibiting the single-species recognition in amy-
loid transmission and amplification.'%-12 Taking these as-
pects into consideration, utilization of peptides with homolo-
gous sequences will lead to control of the conformational tran-
sition and subsequent amyloid fibril formation. An inhibition
system of amyloid formation of peptides using this concept
was constructed.®® There have been some reports on the inhib-
ition against aggregation of amyloid f-protein of Alzheimer’s
diseases by hydrophobic peptides homologous to the native se-
quence.”>”’® In this study, we focused on the hydrophilic re-
gions of the model amyloid peptides, EKEK (Fig. 2). To inhib-
it structural transition and aggregation of the amyloidogenic
peptide, the homologous peptides whose sequences were Sys-
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tematically substituted at charged amino acids of EKEK were
employed (Table 1). It has been found that cationic peptides in
the 16 peptide variants strongly prevented the structural transi-
tion and amyloid formation of EKEK. Hence, the inhibition
abilities of peptides analogous to a cationic peptide KKKK
were also studied. Consequently the peptides with higher
homology to EKEK showed stronger inhibition abilities.®

The peptide 7.EKEK that undergoes -to- structural tran-
sition and amyloid fibril formation has been studied as a moth-
er compound of amyloidogenic peptides that we used (Fig. 2
and Table 1). To find out an inhibition system of the o-to-f
structural transition and amyloid formation of 7.EKEK series
of fifteen homologous peptides substituted at charged amino
acids of 7.EKEK were employed (Table 1).

3.1 Inhibition of Structural Transition. Inhibition in the
structural transition of EKEK in the presence of peptides with
homologous sequences was examined by CD spectroscopy.®®
EKEK alone underwent the structural transition from «-helix
to B-sheet when it was incubated in a buffer solution for 24
h at 25 °C (Fig. 3). By contrast, the peptide maintained the
«-helix structure when EKEK was incubated with the homol-
ogous peptide KKKK. The other cationic peptides (12.EKKK—
15.KKKE) also inhibited the a-to-f structural transition of
EKEK while neutral peptides (6.EEKK-11.KKEE) did not
(Fig. 14a). Anionic peptides (2.EEEK-5.KEEE) slightly inhib-
ited the structural transition of EKEK, but their potentials were
much weaker than those of the cationic peptides. The most
anionic peptide EEEE was not used in this study, because it
was not highly soluble in the assay system. As a result, cation-
ic peptides had stronger inhibition abilities for the structural
transition of the amyloidogenic EKEK.

3.2 Inhibition of Fibril Formation. Inhibition in the amy-
loid formation of EKEK in the presence of the homologous
peptides was then examined by the amyloid-specific dye
ThT binding analysis.®® EKEK was incubated with each of
the homologous peptides for 24 h at 25 °C, and then fluores-
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Fig. 14. Inhibition of fibril formation of EKEK by cationic peptides such as KKKK with homologous sequences with EKEK. (a)

Inhibition of a-to- B structural transition examined by CD. A[6] denotes the CD change at 205 nm after 24 h. (b) Inhibition of fibril

formation examined by the ThT assay.
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cence spectra of ThT were measured. EKEK alone showed a
strong intensity when the structural transition to (-sheet was
accomplished (Fig. 5). By contrast, intensities of ThT were ex-
tremely decreased when EKEK was incubated with cationic
peptides (12.EKKK-16.KKKK) (Fig. 14b). These results im-
ply that the cationic peptides had strong inhibition abilities
for the amyloid formation as well as for the structural transi-
tion of EKEK, whereas the non-cationic peptides (2.EEEK-
11.KKEE) were defective. The intensities of ThT were in-
creased when EKEK was incubated with 6. EEKK, 10.KEKE
or 11.KKEE, because these three peptides have the potential
of amyloid formation in single species (Fig. 10). KKKK was
most effective peptide in the inhibition and it inhibited the fi-
bril formation of EKEK (12 uM) at as low as 1 uM concentra-
tion.5°

The inhibition abilities of the cationic peptides were attrib-
uted to their high solubility to the water and to cationic repul-
sion between peptides. The cationic peptides may associate
with EKEK with some affinity and increase the number of cat-
ionic charges and solubility of peptide complexes, thus inhib-
iting further assembling and the amyloid formation of peptides
(Fig. 15). The fibril formation was not prevented when the
inhibitors were added after the transition.

3.3 Homologous Assembly and Inhibition. KKKK and
EKEK have homologous amino acid sequences except for
the substitutions of four Lys residues for Glu residues in
EKEK. To examine how a homologous peptide inhibits the
amyloid formation, a series of peptides analogous to KKKK
were designed and synthesized, such that the Ad groups were
eliminated and replaced with acetyl groups or the sizes were
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decreased to those of a single-chain and a half-length.%® Inhib-
ition abilities of KKKK analogous peptides for EKEK were
evaluated by the ThT binding analyses. Consequently, the pep-
tides with a higher homology to EKEK had a stronger inhibi-
tion ability. Ad- KKKK-2« (KKKK) completely inhibited the
amyloid formation of EKEK described above, and no fibrous
structure was observed by TEM (Fig. 15). The two-stranded
Ac-KKKK-2« and the single-stranded Ad-KKKK-la also
showed the strong inhibition ability, such that the fibrous struc-
ture was almost broken in TEM analyses. However, the short
(half-length) peptides Ad- and Ac-KKKK-1/2¢ had little in-
hibition ability. As a result, the cationic residues especially
in the homologous sequences were important to inhibit the as-
sembly and amyloid formation of EKEK.

Thus the inhibition of the amyloid formation of the model
fibril peptide by cationic peptides with homologous sequences
was accomplished, and the peptides with a higher homology to
EKEK had a stronger inhibition ability. The finding that pep-
tides with a homologous structure show the inhibition activity
has some relevance to the fact that amyloidogenic peptides can
assemble homogeneously by themselves and can show spe-
cies-specificity in transmission of fibrils.!*°~!2 This new in-
hibition strategy focusing on the hydrophilic regions of pep-
tides will give a useful insight for the therapeutic and diagnos-
tic studies of amyloid diseases such as Alzheimer’s and prion
diseases. This kind of inhibition study is underway.

4. Fabrication of Nanofibers with Uniform Morphology

Fabrication of nano-scale structures is one of the key goals
in creating materials with extensive applications in nanotech-

— ()

()
- with KKKK

200 nm

Fig. 15. Schematic representation of inhibition system by a homologous cationic peptide. The TEM images are shown; (a) EKEK
alone without inhibitor, (b) EKEK with single strand KKKK-1¢, (¢) EKEK with double strand KKKK.
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nology. For nano-fabrication, molecular self-assembly is
promising as a bottom-up approach. Natural organisms are rich
in sophisticated materials built in a self-assembling manner,
and materials with a natural basis are desired from ecological
aspects. Many researchers have attempted to exploit the self-
assembling properties of proteins and peptides for materials di-
rected towards nano-devices, tissue engineering, and other ap-
plications.?*3%79-83 In fibrous proteins and peptides mostly
consisting of a f-sheet conformation, numerous [-strands
are organized to form fibrous structures in a regular manner.
Although B-sheet fibers are candidates for materials,2*3%79 en-
gineered [B-sheet peptides generally tend to form aggregates
with multiple morphologies such as bundled fibers or gels.*>~
Typical sequences of designed S-sheet peptides have regular
repeats of alternating hydrophobic and hydrophilic resi-
dues.#045-3084-86 Thege sequences will make an amphiphilic
binary pattern,®*-% two distinct surfaces of hydrophobic and
hydrophilic, in B-strands. The hydrophobic and complementa-
ry ionic interactions provide driving forces for the formation of
B-strand assemblies together with hydrogen-bonding.4>-36-39-64
A variety of B-sheet peptides with an alternating hydrophobic
and hydrophilic pattern were systematically designed, and the
structures and gel formation behaviors were characterized in
relation to the hydrophobic residues and ionic residues.*->°
In order for researchers to exploit a single fiber and the align-
ment of B-strands within, as a nano-scale material, preventing
gel formation and controlling the fiber morphology are impor-
tant procedures. To this aim, artificial short peptides are advan-
tageous because of the ease in strategic design of integrated or
hybrid materials. We have developed the fabrication of con-
trolled nanofibers through self-assembly of simple and short
de novo designed B-sheet peptides with ten amino acid resi-
dues. As a result, homogeneous straight fibers with defined
edges have been formed with a uniform morphology.®®

4.1 Peptide Design and Fiber Fabrication. We designed
amphiphilic B-sheet peptides composed of ten residues: Pro-
Lys-X;-Lys-X,-X,-Glu-X,-Glu-Pro (Fig. 16).9% X, and X,
were hydrophobic residues selected from Phe, Ile, Val, or
Tyr. Lys and Glu were utilized as hydrophilic residues. Many
of de novo designed B-sheet peptides with a standard amphi-
philic binary pattern easily aggregate to form bundles or gels
of assembled peptides showing various morphologies. The
broad hydrophobic or charged faces of S-strands can increase
the possibility for varied arrangements of B-strands including

hydrophilic hydrophobic

20000
T Q00C

|
hydrophobic  hydrophilic

X, X, F,1,VorY

Fig. 16. Designed amphiphilic B-strand with terminal Pro
residues for controlled fiber construction.
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staggered arrangements. The hydrophobic and hydrophilic
planes were divided to reduce such unfavorable possibility,
and the order was inverted at the center of the strand. Addi-
tionally, the charged Lys and Glu residues were arranged to
generate electrostatic attraction in an antiparallel strand orien-
tation, but repulsion in a parallel orientation. Moreover, in or-
der to cut the hydrogen-bonding network in the B-sheet struc-
ture at the strand ends, we employed Pro residues at both N-
and C-termini. The Pro residue does not have an N-H availa-
ble for hydrogen-bonding by virtue of the ring structure, and
often acts as a 3-sheet breaker.’ Pro has an ability of reducing
B-sheet expansion and extra fibril formation by stopping ex-
tension of the hydrogen-bonding network.®8° The above fea-
tures potentially provided appropriate restrictions upon the as-
sembly process, by regulating hydrophobic and hydrophilic in-
teractions and hydrogen-bonding ability (Fig. 16). For fabrica-
tion of fibers, peptides were dissolved at a concentration of 50—
200 uM in 0.1 M sodium phosphate buffer (pH 7.4), and the
solutions were allowed to stand at room temperature for more
than a day.

4.2 Fiber Morphology Studied by TEM and AFM. For
investigation of fiber morphology, TEM and atomic force mi-
croscopy (AFM) were utilized.®® The peptide FI (X; = Phe;
X, = Ile) formed homogeneous straight fibers, 80-130 nm in
width and ~10 um in length with clear edges (Fig. 17). In
the fine structure of the straight fiber, striations of about 10
nm width crossing each other were observed. Additionally,
we observed fibers with a different morphology, namely a hel-
ical ribbon. In the ribbon, striations were also observed parallel
to the ribbon edges. The helical ribbon appeared to densely
coil and then grow to a straight fiber.

AFM images of the FI fibers resembled those visualized by
TEM (Fig. 18). The FI fibers were 80—120 nm in width and
had inner striations with 10—15 nm intervals. The height of
straight fibers was 2-8 nm. The 3D-image of FI clearly
showed a left-handed coiled ribbon. In the helical ribbons,
the lower layer was 2-4 nm in height and the upper layer
was 5-8 nm, approximately double that of the lower. These re-
sults strongly support the above idea that the straight fibers
with clear edges were formed from tightly coiled ribbons.

This type of fiber was also formed from peptides other than
FL IF (X, =Ile; X, = Phe), FV (X; = Phe; X, = Val), and
VF (X; = Val; X, = Phe) all formed helical ribbons and
straight fibers with striations as successfully as FI. These pep-
tides showed substantially the same morphologies as FI in re-
spects of the straight fibers and coiled ribbons including the
width. On the other hand, peptides with only aliphatic side
chains in the hydrophobic residues showed fibers with a very
different morphology. The peptides VI (X; = Val; X, = Ile),
IV (X; =1le; X, = Val), and IT (X; = Ile; X, = Ile) formed
straight fibers, but these appeared to have a tape-like morphol-
ogy (Fig. 17). The tape-like fibers did not coil and were later-
ally associated into wider tapes of variable width (100-500
nm). No crossed striation was observed in these fibers. Thus,
the peptides that formed helical ribbons and straight fibers with
striations had hydrophobic aromatic Phe residues. Moreover,
formation of straight fibers was supposedly attributed to the
Pro residues at the both N- and C-termini, because 100 nm-size
fibers with clear edges were not found in a peptide having Ala
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Fig. 17. TEM images of the coiled fibers self-assembled from FI (PKFKIIEFEP). (a) Both helical ribbon and straight fibers are
shown (left). High magnification of the straight fiber shows crossed striations within (right). (b) TEM image of the tape-like fibers

self-assembled from VI (PKVKIIEVEP).

Fig. 18. Tapping-mode AFM image of the coiled fibers
self-assembled from FI (PKFKIIEFEP).
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residues at both termini. The Ala-containing peptide caused
random aggregation of many small pieces of fiber. The Pro res-
idues at both N- and C-termini contribute to controlled fiber
formation.

4.3 Hierarchical Fiber Formation. The fibrous peptides
and proteins self-assemble in a hierarchical manner
(Fig. 19): peptide [-sheets assemble to form protofibrils,
which associate into higher ordered fibrillar assemblies.’>>
The reported protofibrils are 5-17 nm in width,?"'22%28 almost
coincident with that of the striations in FI fibers (Fig. 17). This
coincidence implies that protofibrils like those reported are in-
itially formed from the peptide FI. The protofibrils align side-
by-side to make up a ribbon, and then the ribbons helically coil
to form straight fibers with 100 nm width. The straight fibers

(helical ribbon)  (straight fiber)

| tape-like fiber |

Fig. 19. Illustration of the hierarchical fiber formation self-assembled from ten-residual peptides (PKX;KX,X,EX,EP).
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exist as a “single” fiber, and intertwisting or bundling can be
suppressed.

Fiber formation with uniform morphology would be con-
tributed by the regular strand alignment. The strand alignment
was enhanced by terminal Pro residues and the short length of
the unique binary pattern. The order of hydrophilic and hydro-
phobic residues was reversed at the center of the strand. This
pattern allowed both hydrophobic and hydrophilic interfaces
on each side of a B-strand, and the narrow interfaces were cap-
ped by Pro residues incapable of hydrogen bonding. Pro resi-
dues ordered B-strands by aligning at the rim of B-sheets. Hy-
drophobic and electrostatic interactions on both sides of a S-
sheet were available for precise recognition between the
sheets, and the interactions work most effectively when the
B-strands are in a regular unstaggered arrangement (Fig. 19).
Electrostatic attractions are generated in antiparallel S-strand
assemblies, and simultaneously aromatic interactions between
Phe residues easily function. The recognition induces the
strongly twisted S-sheet structure, which facilitates the forma-
tion of tightly coiled helical ribbons. Thereby, uniform straight
fibers with clear edges are fabricated. Optimization of the in-
teractions, including hydrogen-bonds, is advantageous for
making defined S-sheet assemblies.

Fabrication of nano-scale fibers with homogeneous mor-
phology was accomplished by self-assembly of designed S-
sheet peptides. The peptides formed straight fibers with a uni-
form width and clear edges. The morphology could be control-
led by peptide design: a unique amphiphilic binary pattern, Pro
residues placed at both N- and C-termini, and a combination of

biotin

\C:"nyﬂ

self-assembly

fibril structure
(nano construct)
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functional groups

AKLAALEAKLA-NH:

ACCOUNTS

hydrophobic residues. Nanofibers with an ordered structure of
self-assembled peptides can potentially be developed as biode-
gradable materials for applications in nanotechnology.

5. Construction of a Protein Array on Amyloid-Like
Fibrils Using Co-assembly of Designed Peptides

We have previously demonstrated that de novo designed
peptides undergo self-initiated structural transition and fibril
formation, including representative properties of amyloid.>*-¢*
Cofibril formation from two, three, or four peptide species with
well-designed amino acid sequences was achieved, so that the
charged residues within the -strands were complementary to
each other.%*%* This indicates a possibility of functionalizing
the fibrils by co-assembling of peptides with various elements
to develop a fibrillar peptide material as a well-ordered nano-
construct (Fig. 20). As a step toward fabrication of a nanoscale
array utilizing designed peptides, a protein (streptavidin) array
immobilized onto fibrillar peptide assembly was produced.®’
The biotinylated peptides were incorporated into the fibrils
co-assembled with non-biotinylated one, allowing regular im-
mobilization of streptavidin onto the fibrils. The avidin-immo-
bilized fibrils may make a nanoscaffold onto which a variety of
functional groups can be arranged. The engineered fibrous
peptides will be applied to develop arrays of chemical and bio-
logical molecules on the nanoscale construct.

5.1 Co-assembly of Fibrils. The new single-chained pep-
tide 816 and biotinylated B2x-816 peptides®” that could as-
semble into amyloid-like fibrils were designed according to
the previous studies (Fig. 20).>%% B2x-f16 peptide had a bi-

h 'YF nm

.
54 nm
116 nm>* ,}

97 hm
\

i

100 nm

functional molecules
arrayed on a nanofibril

25

20

15

10

Frequency

0 50 100 150 200
Distance / nm

Illustration of the cofibrils containing biotinylated peptides, and introduction of streptavidin with a functional group such

as colloidal gold. TEM image shows arrayed gold particles on the cofibril of 816/B2x-16. Distances between gold particles and
their frequency are indicated. Structures of 816 and B2x-816 are shown.
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otin group at the N-terminus as a streptavidin-binding domain.
Cofibril formation and its morphology of designed peptides
were analyzed by CD measurement, ThT binding assay, and
TEM analysis. Both 516 alone and mixed peptides containing
B2x-f16 formed a slightly «e-helical, but predominantly a ran-
dom coil structure shortly after dilution in a buffer (pH 7.4).
Through the incubation at 50 °C, transformation to fS-sheet
structure occurred time-dependently, supported by CD spectra
with a negative peak at 219 nm and a positive peak at 203 nm.
After the transition, ThT added to the peptide solutions exhib-
ited strong fluorescence emission at 480 nm (excited at 440
nm). The result of ThT binding assay indicates that the (-
structural peptides form amyloid-like fibrils. Direct observa-
tion of the peptide aggregates by TEM revealed that the pep-
tides formed the fibrillar structures (Fig. 20). The fibrils were
~20 nm in width and of indeterminable length (several hun-
dred nanometers to several micrometers).

5.2 Protein Array on Fibrils. Specific introduction of
streptavidin onto the matured fibrils was achieved using co-as-
sembling fibrils with biotinylated peptides.®’ One could pick
out streptavidin under TEM observation if the streptavidin
modified with colloidal gold (Au-Av: diameter of colloidal
gold is 20 nm) was added onto the matured fibrils (1% B2x-
B16). No Au-Av was observed on the fibrils formed by B16
alone (containing no biotin), while attached Au-Av particles
were observed on the fibrils containing B2x-$16 (Fig. 20).
These results showed that biotinylated peptides were incorpo-
rated into fibrils, and that streptavidin molecules were attached
to the biotin groups on the fibril.

The distance between successive Au-Av particles bound to
the fibrils containing 1% B2x-f16 indicated that the gold par-
ticles were distributed preferably on average every 50, 100,
and 150 nm (Fig. 20), suggesting a periodic binding of Au-
Av particles on the fibrils at every ca. 50 nm. The distance
of hydrogen-bonds between peptide strands is 4.7 A along
the fibril direction in cross-S-sheet structure.’~!> The average
50 nm intervals between Au-Av particles represent the dis-
tance for about 100-120 peptides aligned along the fibril axis.
Hence, it can be ideally considered that one biotinylated pep-
tide is preferably incorporated in every 100—-120 peptides dur-
ing fibrillogenesis. However, the observed fibrils with ~20 nm
width are supposed to consist of several B-sheet filaments
bundling regularly,’'>>* because the 5-6 nm-length peptide
of $16 (16 amino acid residues) makes a single filament of
about 5 nm width. The assumed structure points out that dis-
tances between biotin groups along the fibril direction should
be shorter than 50 nm, if biotinylated peptides were incorporat-
ed every 100 peptides. We have previously demonstrated using
de novo designed peptides that the intermolecular side chain
interactions such as ionic pairing, hydrogen bonding, and hy-
drophobic interaction were constitutive for the fibril forma-
tion.*-6468 The peptides used in this study were also well de-
signed, considering the matching of the side chain interactions
between antiparallel B-strands to regulate the fibril formation.
Since the formed fibrils have a regularity or periodicity such as
a helical ribbon in the fine structure, the biotin groups in the
fibrils were exposed to aqueous environment according to
the structural periodicity of fibrils determined by the side chain
interactions, leading to the periodic binding of avidin onto the

Bull. Chem. Soc. Jpn., 78, No. 4 (2005) 587

fibrils. The biotinylated peptides were quantitatively and
randomly incorporated into the cofibrils in a 1/100 content.
Therefore, the frequency of bound Au-Av particles on the
fibrils reflects the periodicity owing to the regular fibril struc-
ture. It is suggested that the arrangement of streptavidin on the
peptide fibrils can be controlled using well-designed peptides.

The arrayed immobilization of natural protein onto the fi-
brillar nanoconstruct was successfully formed from designed
peptides. Streptavidin was disposed regularly at every 50 nm
interval on the fibrils containing biotinylated peptides. Other
functional molecules can be arrayed onto the fibrils used in this
study by adding functionalized streptavidin to biotinylated fi-
brils and/or adding functionalized biotin to streptavidin-im-
mobilized fibrils. In fact, the fluorophore-labeled avidin bound
to the fibrils has enabled the single fiber observation. Further-
more, engineered peptide fibrils formed from small peptides
are of advantage, because the peptide element constructing
fibrils can be easily modulated and modified by its amino acid
composition, chain length, and incorporation of functional
groups. The present study implies that a variety of functional
molecules can be immobilized onto peptide nanofibrils in con-
troled distances and amounts, thus indicating the possibility
to design nanoscale bioconstructs with functionalities.

6. Conclusions and Future Aspects

Conformational alternation and fibril formation of proteins
have a key role in a variety of amyloid diseases including
Alzheimer’s and prion diseases. We have successfully devel-
oped peptides that undergo self-initiated structural transition
from «-helix to B-sheet and self-assembling into amyloid
fibrils.”>-%> Peptides could be manipulated to assemble into
amyloid fibrils in single and multiple (two, three, four) spe-
cies.5%* These studies afforded the idea that homologous se-
quences of peptides have key roles in the f-sheet assembly
and amyloid formation. This idea has been applied for design
of the inhibition system of amyloid fibrils with homologous se-
quence assembly. Moreover, cofibril formation indicates a pos-
sibility of functionalizing the fibrils by co-assembling of pep-
tides with various elements to develop a fibrillar peptide mate-
rial as a well-ordered nanoconstruct. Another designing appro-
arch demonstarted the production of unique straight nanofibers
with defined morphology. The fibrils may make a nanoscaffold
onto which a variety of functional groups are arranged. The ap-
proaches accomplished in these studies are of advantage for
designed and engineered peptides. The studies on engineering
fibrous peptides will afford insight into desease-related amy-
loid formation and allow us to develop nanoscale fibrous con-
structs with further studies in nano and atomic level resolution.
These materials with a natural basis developed by a self-
assembling manner and a bottom-up approach are desired
from ecological aspects for future soft-materials.
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