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Tubular nanostructures are suggested to have a wide range of applications in
nanotechnology. We report our observation of the self-assembly of a very short
peptide, the Alzheimer’s 3-amyloid diphenylalanine structural motif, into dis-
crete and stiff nanotubes. Reduction of ionic silver within the nanotubes,
followed by enzymatic degradation of the peptide backbone, resulted in the
production of discrete nanowires with a long persistence length. The same
dipeptide building block, made of D-phenylalanine, resulted in the production

of enzymatically stable nanotubes.

Self-assembled nanostructures provide a key
direction for the controlled fabrication of novel
nanoscopic materials and devices. Nanotubular
structures are particularly important structural
elements because they may serve as nanowires
or nanoscaffolds (/—4). Peptide nanotubes are
especially intriguing assemblies because they
have the scope for numerous chemical modifi-
cations and allow the use of biological systems
specificity. A milestone in the production of
peptide-based nanotubes was the demonstra-
tion by Ghadiri et al. (2, 5) that a cyclic
octapeptide with alternating L and D amino
acids can form a nanotubular structure by
self-assembly. However, the peptide nano-
tubes that formed further assembled into an
array of tubes that were aligned as crystalline
microscopic structures (2, 5). Linear surfac-
tant-like hepta- and octapeptides can also
self-assemble into a network of open-ended
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nanotubes, from which nanovesicles can
“bud” or “fuse” (3, 4). Peptide-related bis(N-
a-amido-glycylglycine)-1,7-heptane  dicar-
boxylate molecules were also shown to be
assembled into tubular structures (6).

We observed the formation of peptide
nanotubes while studying the ability of very
short aromatic peptides (hexapeptides and
shorter) to form well-ordered amyloid fibrils
(7-9). Amyloid fibrils are the hallmark of a
diverse group of diseases of unrelated origin,
including Alzheimer’s disease, type II diabe-
tes, and prion diseases (/0-15). Despite their
formation by a diverse and structurally unre-
lated group of proteins, all amyloid fibrils
share similar biophysical and structural prop-
erties. On the basis of both experiments and
theory, we recently suggested that stacking of
aromatic residues may play a key role in the
process of molecular recognition and self-
assembly that leads to the formation of amy-
loid fibrils (/6). This proposal is in agree-
ment with the well-known role of aromatic
stacking in the formation of chemical and
biochemical supramolecular structures (17—
19). According to our suggestion, the restrict-
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ed geometry and the attractive forces of the
aromatic moieties provide order and direc-
tionality as well as the energetic contribution
needed for the formation of such well-or-
dered structures. In this context, we were
intrigued to determine the molecular proper-
ties of a peptide fragment corresponding to
the core recognition motif of AR, the diphe-
nylalanine element (Fig. 1A). This motif'is of
special interest, because several studies have
identified the ability of larger peptides and
conjugated organic molecules that contain
this motif to inhibit fibril formation by AP
(20-22). Some of those inhibitors are current-
ly undergoing clinical trials as potential drugs
to treat Alzheimer’s disease (23, 24).

Here, we sought to make the NH,-Phe-
Phe-COOH dipeptide soluble at very high
concentrations (=100 mg/ml) by dissolving
the lyophilized peptide in 1,1,1,3,3,3
hexafluoro-2-propanol. Although the peptide
appeared to be highly soluble in the organic
solvent, a rapid assembly into ordered semi-
crystalline structures was observed visually
within seconds after dilution into the aqueous
solution at a final WM concentration range.
We used dynamic light scattering analysis to
determine assembly into supramolecular
structures within minutes at the wM range.
Transmission electron microscopy (TEM)
analysis with negative staining indicated that
the peptide forms well-ordered, tubular, and
elongated assemblies (Fig. 1B). The light
shell and the dark center, as observed in Fig.
1B, suggested hollow tubular structures filled
with the negative stain, uranyl acetate. Ener-
gy-dispersive x-ray analysis (EDX) indicated
the presence of uranium within the assembled
structures (fig. S1A). Smaller structures
could also be observed by TEM analysis; we
propose that these represent smaller tubular
assemblies or fragments of the larger nano-
tubes. The persistence length of the nano-
tubes appears to be on the order of microme-
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ters, as evident by the microscopic observa-
tion. The formation of the tubular structures
was very efficient. Almost all the assemblies
as observed by TEM had tubular structures,
and almost no amorphous aggregates were
observed (<1%). This observation is in
marked contrast to other peptide assemblies
(such as amyloid fibrils) in which a mixture
of ordered and aggregated structures may be
observed. High-resolution field emission gun
TEM (HR-TEM) (Fig. 1C) provided further
indication of the regular structures of the tube
walls. The formed structures were highly or-
dered and appeared to be rather stiff but
without the usual branching and curving typ-
ical of amyloid fibrils. On the other hand, the
assemblies show some morphological simi-
larity in terms of size and tubular structures to
the recently observed peptide nanotubes that
are formed by much longer surfactant-like

hepta- to octapeptides (3). These structures
are different from the first-reported peptide
nanotubes that were formed by cyclic
polypeptides made of alternating D and L
amino acids (9).

We used scanning electron microscopy
(SEM) to further study the tubular structures
(Fig. 2, A and B). The nanotubes were applied
on a glass coverslip coated with gold and im-
aged by SEM. The low-magnification micro-
graphs of areas filled with individual nanotubes
(Fig. 2A) further demonstrate that the tubes are
relatively homogeneous and evidently are indi-
vidual entities with a persistence length on the
order of micrometers. Figure 2C shows the
statistical distribution of the diameters of the
nanotubes. The crystal structure of the diphe-
nylalanine peptide, as formed by evaporation of
aqueous solution at 80°C, showed a crystal
packing of aligned and elongated long hollows
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Fig. 1. Self-assembly of well-ordered and elongated peptide nanotubes by a molecular recognition
motif derived from the B-amyloid polypeptide. (A) The central aromatic core of the B-amyloid
polypeptide is involved in the molecular recognition process that leads to the formation of amyloid
fibrils. Various fragments of the core form amyloid fibrils or inhibit their formation. (B) TEM images
of the negatively stained nanotubes formed by the diphenylalanine peptide. (C) HR-TEM images of
negatively stained peptide nanotubes, visualized by field emission gun microscope.

Fig. 2. Structural anal-
ysis of the tubular
nanoparticles. (A) Low-
magnification SEM im-
ages of a field of dis-
crete nanotubes that
are present as individual
entities. (B) High-mag-
nification SEM image of
an individual nanotube.
(C) A statistical dis-
tribution of nanotube
diameters.

Number of nanotubes (@)

(25). These structures are also referred to as
peptide nanotubes. However, our structural
analysis indicates that the crystal packing of the
peptide represents a completely different mo-
lecular arrangement compared with the self-
assembled individual tubular structures.
Higher magnification SEM analysis also in-
dicated a typical nanotubular structure that
resembled, to some extent, a class of peptide
nanotubes that were recently reported (3),
although our structures are apparently stiffer
and discrete (Fig. 2B).

To gain insight into the molecular con-
figuration of the assembled structures, we
used Fourier-transformed infrared spectros-
copy (fig. S2). Spectral analysis of the
assemblies showed a sharp 1630 cm ™! peak
at the amide I region. This peak is consis-
tent with a B sheet—like conformation of the
single amide bond, as was suggested for
peptide nanotubes built of larger building
blocks (/—4) and for amyloid fibrils (9).
Because the dipeptide contains only a sin-
gle amide bond, the vibrational assignment
of this peak is definitive and does not rep-
resent an averaged contribution of several
bonds, as occurs when longer peptide as-
semblies are analyzed. Moreover, no other
vibrational peaks are observed (such as ran-
dom coil peak around 1654 cm™') (26),
which further suggests a uniform confor-
mation of all the building blocks.

The formation of peptide nanotubes by
the dipeptide is very interesting when
viewed in the context of the mechanism of
amyloid formation. Max Perutz recently
suggested that amyloid fibers are water-
filled nanotubes (27). The tubular struc-
tures formed by the dipeptides show a
green-gold birefringence upon staining
with Congo red dye, which is consistent
with an organization that may be similar to
that of amyloid structures. Therefore, it
indicates that the extremely small core rec-
ognition motif of the B-amyloid polypeptide
contains all the molecular information needed
to mediate self-assembly into regular struc-
tures. The context in which the diphenylala-
nine recognition motif is set apparently dic-
tates its assembly either into canonical amy-
loid fibrils, as is the case of A, or into stiff
nanotubes, as described here.
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To study whether the tubes are indeed
hollow and filled with aqueous solution, we
added ionic silver to the nanotubes in solu-
tion. HR-TEM visualization followed by
EDX analysis indicated that silver nanopar-
ticles were formed within the tubes (fig.
S1B). On the basis of these observations,
we examined the ability of the nanotubes to
serve as molds for casting metal nanowires
(Fig. 3A). The tubes were added to boiling
ionic silver solution, and the silver was
reduced with citric acid to ensure a more
uniform assembly of the silver nanowires
(28, 29). TEM analysis (without staining)
indicated the formation of metal assemblies
within the majority (80 to 90%) of the tubes
(Fig. 3B). Proteolytic lysis of the peptide
mold, by the addition of a proteinase K
enzyme to the silver-filled nanotubes solu-
tion, resulted in the attainment of individ-
ual silver nanowires ~20 nm in diameter as
seen by TEM (Fig. 3, C and D). The diam-
eter of the nanowires is smaller than that
of the tubes, which further suggests that
casting was done inside the tubular struc-
ture. The chemical identity of the wire

A sodium
citrate

was confirmed by EDX analysis (fig. S1C).
For other applications, such as the as-
sembly of nanotube-based biosensors or
hollow tubing of nanofluidic circuits, enzy-
matically stable nanotubes are desirable. To
assemble such stable tubes, we used pro-
teolitically stable building blocks based on
the D—amino acid analog of the peptide,
NH,-D-Phe-D-Phe-COOH. This peptide
formed nanotubes with the same structural
features as the corresponding L—-amino acid
peptide (Fig. 4A). After 1 hour of incubation
of the Phe-Phe peptide with proteinase K
(0.02 mg/ml), no tubular structures were ob-
served by electron microscopy examination
(as compared with hundreds of tubular struc-
tures observed before the proteolysis). In
marked contrast, no notable variation could
be observed before and after the incubation of
the D-Phe-D-Phe peptide with the enzyme.
In light of the formation of nanotubes by
such short dipeptides, we tested the ability of
other aromatic dipeptides (Phe-Trp, Trp-Tyr,
Trp-Phe, and Trp-Trp) under similar condi-
tions. Nanoscale tubular structures were ob-
served only in the case of the Phe-Trp peptide

Proteinase K

D— ) — em—

Silver-filled nanotube

silver nanowire

Fig. 3. Casting of silver nanowires with the peptide nanotubes. (A) The nanowires were formed by
the reduction of silver ions within the tubes, followed by enzymatic degradation of the peptide
mold. (B) TEM analysis (without staining) of peptide tubes filled with silver nanowires. (C and D)
TEM images of silver nanowires that were obtained after the addition of the proteinase K enzyme

to the nanotube solution.

Fig. 4. Formation of peptide
nanotubes by different aromatic
peptides. (A) TEM image of the
stable nanotubes formed by the
D—amino acid building-block an-
alog (B) TEM image of a tubular
structure formed by the NH,-
Phe-Trp-COOH dipeptide. Amor-
phous aggregates can be ob-
served in the background.

NH,-D-Phe-D-Phe-D-COOH
+Proteinase K

NH,-L-Phe-L-Trp-COOH
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(Fig. 4B). However, substantial amounts of
amorphous aggregates were also observed.
This result differs markedly from the case of
the Phe-Phe peptide, in which tubular struc-
tures were primarily observed.

Our studies present the synthesis of pep-
tide nanotubes that are separated, are ho-
mogeneous, and have a long persistence
length. The unique properties of the tubes
and their proteolytic lability allow their use
as nanoscale molds for the casting of silver
nanowires. For other applications, enzy-
matically stable tubes can be fabricated.
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