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ABSTRACT

We recently demonstrated that the diphenylalanine recognition motif of the Alzheimer’s f-amyloid polypeptide self-assembles into ordered
and discrete nanotubes. Here, we reveal that diphenylglycine, a highly similar analogue and the simplest aromatic peptide, forms spherical
nanometric assemblies. As the nanotubes, the nanospheres assemble efficiently and have remarkable stability. The introduction of a thiol
group into the diphenylalanine peptide alters its assembly from tubular to spherical particles similar to those formed by diphenylglycine. The
formation of either nanotubes or closed-cages by fundamentally similar peptides is consistent with a two-dimensional layer closure, as described
both for carbon and inorganic nanotubes and their corresponding buckminsterfullerene and fullerene-like structures.

The discovery in 1985 of the novel nanometric closed-caged We recently revealed the formation of well-ordered and
form of carbon, known as fullerenes or buckminsterfullerene, discrete peptide nanotubes by self-assembly of the diphe-
marks a key finding in physics, material science, and nylalanine core recognition motif of Alzheimersamyloid
nanotechnology.This finding was followed six years later  polypeptidé* (Figure 1a). These nanotubes, which are made
by the discovery in 1991 of the highly related carbon tubular of aromatic dipeptides as building blocks, show remarkable
nanostructures that were denoted as carbon nanct@tesr similarity to aromatic carbon nanotubes in their existence
studies revealed also that inorganic material, including MoS  as discrete and stiff structures of a high persistence léfigth.
WS,, CdCh, and TICE, could alternatively assemble into  we have demonstrated the ability of these tubes to serve as
either nanotubular or fullerene-like nanoscale structéres. a degradab|e nanoscale mold to fabricate metallic nanostruc-
These various organic and inorganic self-assembled nanotyres of high aspect ratfd. The ability of the simplest
structures were suggested to have key potential in nanotechnatuyrally occurring aromatic dipeptide to self-assemble into
nological devices and applicatiofis® Other studies have  \yell-ordered suparmolecular structures is consistent with our
shown the ability of much larger bioorganic molecules, gyggestion for the key role of aromatic stacking interactions
including peptides, lipids, nucleic acids, and even phage jn many cases of ordered amyloid fibril formatign?® We
particles, to self-assemble into uniform and well-ordered 455,me that the geometrically restricted interactions between

i i i 20 i . .. . . . .
structures of nanometric dimensiolis:® Biomolecular  4romatic moieties may provide both an energetic contribution
nanostructures are an especially intriguing group of supramo-,5 \well as the order and directionality needed for the

lecular assemblies as they provide a large range of chemicakq i ation of very well-ordered amyloid fibrils in a process
modifications. Moreover, these nanostructures allow the y .\ o< tarmed as “one-dimensional crystallizati$rour

Etuhzano.n of ihf t.SPeCt'.f '?t'ty Ofd E!oﬁglcal S.;]}./SIemIS folr recent results are also consistent with the suggestion made
|osen:'~:t|'ng, catalytic ac I\gy, anl Itg d'y SP(:]C' Ic mﬁ ecu atrh by the late Max Perutz and co-workers suggesting that

recognition processes. Several studies have shown eamyloid fibrils are water-filled peptide nanotub®s.

potential application of bionanometric material for applica- ) h for the simpl . lecul i

tions ranging from molecular electronic and quantum dot Here in our search for the simplest biomolecular self-

orientation to antibacterial activity and drug delivéty2? assembled system, we extended our studies to characterize

The controlled self-assembly of the biomolecular nanostruc- (e Most generic form of an aromatic dipeptide, the diphe-
ture, preferably from the simplest building blocks possible, Nylglycine (Figure 1b). The diphenylglycine offers molecular
is therefore of great interest. properties similar to the diphenylalanine peptide, albeit its

molecular structure is more rigid with a lower degree of
* Corresponding author. E-mail: ehudg@post.tau.ac.il. Fel972-3- free_d_om due to the lack of rojcat|onal fr_eed_om around the
640-9030, Fax:+ 972-3-640-5448. additional C-C bond and the higher steric hindrance of the
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Figure 1. Self-assembly of spherical nanometric structures by the simplest aromatic peptide, diphenylglycine. (a) The diphenylalanine
motif, the central core of thg-amyloid polypeptide, which forms discrete well-ordered peptide nanotubes. (b) Schematic presentation of
the simplest aromatic dipeptide, the diphenylglycine peptide. (c) Low magnification transmission electron microscopy (TEM) image of
negatively stained nanospheres formed by the diphenyglycine peptide. (d) High magnification TEM image of the negatively stained nanosphere.
(e) High magnification (400,000) cold field emission gun (CFEG) high-resolution scanning electron microscope-8fR1) image of

the nanospheres formed by the diphenyglycine peptide.

molecule. Structural analysis using TEM (transmission in height (Figure 2b), which is consistent with both TEM
electron microscopy) revealed that under the same conditionsand SEM analysis.
in which peptide nanotubes were formed by the diphenyla- During our studies on the ability of the diphenylalanine
lanine, spherical nanometric structures self-assembled by thepeptide nanotubes to serve as a mold for the fabrication of
diphenylglycine peptide (Figure 1c,d). These nanometric metal nanowires, we observed their complete stability toward
particles exist as individual entities and have a uniform extensive boiling” This property is highly useful for future
spherical appearance as seen by TEM visualization (Figureindustrial nanotechnological utilization of the nanostructures
1d). The assembly of the spherical particles was very efficient and is consistent with a well-ordered molecular arrangement.
and regular, as could be seen using low magnification TEM Here, we extended our studies to determine the stability of
analysis (Figure 1c). The efficiency and regularity are similar the nanoparticles also under extreme chemical conditions
to those observed with the peptide nanotuldes. (Figure 3). The nanospheres were found to be stable under
To further examine the three-dimensional characteristics acidic conditions after incubation fd h at 10% TFA as
of the novel nanoparticles, they were subjected to analysisthey maintained their configuration and uniform structure
by SEM (scanning electron microscopy). Cold field emission (Figure 3a). Their stability under alkaline conditions was also
gun (CFEG) high-resolution scanning electron microscope tested when the nanospheres were subjectdddM NaOH
(HR—SEM) confirmed the three-dimensional spherical shape for 5 h (Figure 3b). In the presence of NaOH the nanosphere
and the regularity of the self-assembled nanostructuresstructure appears to be more uniform while having a smaller
(Figure 1e). In addition, we used AFM (atomic force diameter. This remarkable stability of the nanoparticles is
microscopy) analysis in order to get an independent indica- very intriguing both from the scientific point of view as well
tion about the topography of nanostrucutres. The AFM as the technological one. The significant stability of the
analysis clearly confirmed the three-dimensional spherical peptide nanostructures is rare but consistent with the
configuration of the nanostructures (Figure 2a, b). While structural stability of amyloid fibrils, as was recently
AFM is a less suitable tool to determine the exact dimensions reportec?? This is in line with our motivation for the initiation
of the structures at the horizontal and vertical axes due to of our studies that stemmed from the apparent role of peptide
tip convolution, it is an excellent method to determine the motifs in the molecular recognition and self-assembly of
height of nanostructures at the Z-range. Indeed, AFM amyloid fibrils. Moreover, the unusual stability of the peptide
analysis clearly indicated that the spheres are about 90 nmnanostructures is extremely useful for their use as part of a

582 Nano Lett., Vol. 4, No. 4, 2004


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/nl035159z&iName=master.img-000.jpg&w=419&h=298

Figure 2. Structural analysis of the self-assembled nanospheres.
(a) Three-dimensional AFM topography image of the nanospheres.

(b) The nanospheres height was analyzed from atomic force
microscopy (AFM) topography image.
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Figure 3. The nanostructures are stable at extreme chemical

conditions, as seen by TEM. Self-assembled nanospheres were
incubated in the presence of strong acid or base. (a) The nanospheres

after 5 h incubation at 10% TFA. (b) The nanospheres after 5 h
incubation 41 M NaOH.

combined (bio)organic and/or inorganic nanoscale fabrication
process, including optic and electron-beam lithographic
protocols. Although biologically based scaffolds offer many
advantages to nanotechnology, their relative instability in
general questions their ability to serve in robust and long-

4a) to form peptide nanotubes. The rationale behind these
studies was to introduce a thiol group into the nanotubes
that would allow their covalent attachment to fabricated gold
electrodes in nanodevices. However, we discovered that the
CFF peptide does not self-assemble into nanotubes but rather
into nanospheres that are extremely similar to those formed
by the diphenylglycine peptide (Figures 4b, c). To study
whether the spherical structures that were formed by the CFF
peptide were the result of the peptide length or rather the
presence of the thiol group, we chemically modified an amine
to a thiol in the context of the diphenylalanine peptide (Figure
4d). For that purpose, we used 2-iminothiolane (Traut’s
reagent), which reacts with the single primary amine in the
diphenylglycine and introduces a sulfhydryl group. We
reacted the peptide with the reagent in organic solvent
mixture that was then followed by dilution into an aqueous
solution that allowed the self-assembly process. Clearly, the
addition of a thiol group to the diphenylalnine peptide
transformed the geometry of the assembled structures from
nanotubular into spherical ones (Figure 4d). As a control,
we used the same reaction mixture but without the addition
of the N,N-diisopropylethylamine base that is required for
the reaction. Under these conditions only nanotubular
structures were observed.

The study of inorganic nanotubes and fullerene-like
structures, as described abdveindicated that the formation
of fullerenes is not unique to carbon and is attributed to a
genuine property of two-dimensional (layered) compouinéls.
Based on the correlation between the peptide nanotubes and
carbon nanotubes, we previously suggested that the novel
type of peptide nanotubes is being formed by a closure of a
two-dimensional laye# Our current results provide further
experimental support to this notion. It appears that the
energetic contribution provided by the disulfide bridge
formation may allow closure of the two-dimensional layer
into more closely packed spherical structures. The difference
in the geometrical constraints between the short peptide may
direct either mode of assembly (Figure 5).

Taken together, our recent studies clearly suggest that
aromatic peptide assemblies represent a novel class of
nanostructures that are mechanistically closely related to
aromatic carbon nanotubes and fullerenes and to their related
norganic nanotubes and fullerene-like structures. Applica-
tions, methodologies, and theories that were applied to the
study of carbon and inorganic nanostructures should be of
great importance for future exploration and utilization of the
peptide nanostructures. These properties of the peptide
nanostructures, taken together with their biological compat-
ibility and remarkable thermal and chemical stability, may
provide very important tools for future nanotechnology
applications.

lasting nanodevices. The newly described peptide nanostruc- Materials and Methods. Materials. The diphenylalanine

tures offer both molecular recognition and chemical flex-
ibility of biological nanoobjects, together with stability that

and diphenylglycine peptides were purchase from Bachem
(Bubendorf, Switzerland). The CFF peptide was purchase

is compatible with industrial procedures and the requirementsfrom SynPep (Dublin, CA). Fresh stock solutions of the

for robust and stable devices.
In parallel experiments of a different path, we studied the
ability of the cysteine-diphenylalanine tripeptide (CFF, Figure

Nano Lett., Vol. 4, No. 4, 2004

diphenylalanine and the diphenylglycine were prepared by
dissolving lyophilized form of the peptides in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFP, Sigma) at a concentration of
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Figure 4. Similar nanosphere structures are formed in the presence of a thiol group. (a) Schematic presentation of Rhe- Qs

(CFF) tripeptide. (b) Low magnification TEM microphage of the nanospheres formed by the CFF peptide. (c) High magnification HR-TEM
microphage of the nanospheres formed by the CFF peptide. (d) Schematic presentation of the chemical reaction that modifies an amine to
a thiol in the context of the diphenylalanine peptide. On the left, low magnification TEM microphage of the nanotubes formed by the FF
peptide. On the right, low magnification TEM microphage of the nanospheres formed by FF peptide that self-assembled in the presence of

mg\mL. To avoid any preaggregation, fresh stock solutions
were prepared for each experiment. The peptides stock
solutions were diluted into a final concentration of 2 mg/
mL in ddH:O.

Chemical Modification of an Amine to a ThioThe

| diphenylalnine peptide was dissolved in HFP to a concentra-
tion of 100 mg/mL. This was followed by the addition of 2
uL of the solution to 8L of 100 mg/mL 2-iminothiolane
(Sigma) dissolved in dimethyl sulfoxide (DMSO) with 2%
N,N—diisopropylethylamine (DIAE). Double-distilled water
was added to give a final peptide concentration of 2 mg/
mL. Two control reactions were carried out to exclude the
role of the reaction mixture on the assembly of the peptides;

NHz-Pha-Phe-COOH

Stacking
Interactions

2-iminothiolane.
R 5
¢

NHy-Phg-Phg-COOH
Thiolation

S

Disulphida
Interaction

Gﬁ

) _ ) in the first control experiment the reaction mixture was
Figure 5. A model for alternative assembly of tubular and spherical d without the additi fDIAE. In th d trol
peptide nanostructures. A stacking interaction between aromatic prepared without the addition o - Inhe second contro

moieties of the peptides is suggested to provide energetic contribu-experiment, the reaction mixture was prepared without the
tion as well as order and directionality for the initial interaction to addition of DIAE and 2-iminothiolane.

form an extended pleated sheet that is stabilized by hydrogen bonds - . . :
and aromatic stacking interactions. The formation of the tubular Transmission Electron Microscopiter 24 h incubation

structures may occur by a closure of the extended sheet along onédt room temperature, a 10 aliquot of the peptide splution
axis of the two-dimensional layer. Alternatively, the formation of was placed on a 200 mesh copper grid. After 1 min, excess

spherical structures may result from a closure of the sheet alongfluid was removed. In negative staining experiments, the grid
two axes. The introduction of a thiol group may assist the closure was stained with 2% uranyl acetate in water and after two
at the second axis. . . .

minutes excess fluid was removed from the grid. Samples
100 mg/mL. The CFF peptide was prepared by dissolving from the chemical reaction that modifies amines to thiols

the lyophilized form of the peptide in HFP and 25%
dithiothreitol 1 M in ddH:O to a final concentration of 25
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were not negatively stained with uranyl acetate. Samples
were viewed using a JEOL 1200EX electron microscope
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operating at 80 kV. In the case of HR-TEM, a Philips Tecnai  (7) Whitesides, G. M.; Mathias, J. P.; Seto, C.Jgignge1991, 254,
: feai ; 1312-1319.
F20 flel_d em|SS|on. gun MICroscope was used. (8) Rueckes, T.; Kim, K.; Joselevich, E.; Tseng, G. Y.; Cheung, C. L.;
Atomic Force MicroscopyAFM samples were prepared Lieber, C. M. Sgienge?00Q 289, 94-97.
by drying the peptide solutions on TEM grids, without the  (9) ngachtgld, A.é ZHOadley, P.; Nakanishi, T.; Dekker, Soignge?001,
. : . : 4, 1317-1320.
staining procedure. Semicontact mode imaging was Per- ;o) ‘huan X. F.: Huang, Y.: Agarwal, R.: Lieber, C. Malure 2003
formed on a P47 solveiNT-MDT (Moscow, Russia), by 421, 241245,
using OTESP integrated cantilever probes with resonance (11) Ghadiri, M. R.; Granja, J. R.; Milligan, R. A.; McRee, D. E.;
frequency 390 kHz Khazanovich, N Nafure 1993 366, 324-327.
q_ y . ’ . . (12) Hartgerink, J. D.; Beniash, E.; Stupp, Sudighce?001, 294, 1684
High-Resolution Scanning Electron MicroscopyEM 1688.
grids that were used for AFM analysis were viewed using a (13) Bong, D. T.; Clark, T. D.; Granja, J. R.; Ghadiri, M. ilafiiiniSi

i : o . . Lot Ed 2001, 40, 988-1011.
JSM-6700 field emission scanning electron microscope (14) Aggeli, A.; Nyrkova, I. A Bell, M.: Harding, R.. Carrick, L.

equipped with a cold field emission gun operating at 1 kV. McLeish, T. C. B.; Semenov, A. N.; Boden, iiumiintiimm
Stability in Alkaline and Acidic Condition#n the case of Sakbdany 2001, 98, 11857-11862.

- . L . (15) Djalali, R.; Chen, Y. F.; Matsui, Hininiamiy ©002 124,
stability to alkaline conditions, NaOH was added into the 13660-13661.

peptide nanosphere solution to a final concentration of 1 M (16) Lee, S. W.; Mao, C. B.; Flynn, C. E.; Belcher, A. [ggience?002

NaOH. In the case of stability in acidic conditions, TFA was 296, 892-895.
added to the nanostructure solution to a final concentration " g;egzg;;g'@%‘ Belcher, A. N 00>
of 10% TFA. Afte 5 h peptide solutions were placed on  (18) Vauthey, S.; Santoso, S.; Gong, H.; Watson, N.; Zhang@r8g,
TEM grids and analyzed by TEM. I /2002, 99, 5355-5360.
(19) Lu, K.; Jacob, J.; Thiyagarajan, P.; Conticello, V. P.; Lynn, DJG.
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