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Design of hollow tubular structures has been the subject of
considerable research lately.'-> The potential utility of tubular
objects in a wide variety of chemical, biological,® and materials
science applications will depend in part on the ability to construct
such structures with uniform and specified internal diameters, a
task that until now has remained largely unfulfilled.?>’ Recently,
we have described the design and construction of a new class of
tubular structures having a uniform 7-8-A internal diameter.!
The strategy, which is based on the self-assembly of ring-shaped
cyclic peptide subunits, holds considerable promise for designing
nanotubes with tailored pore dimensions. Here we demonstrate,
for the first time, that the internal diameter of the peptide
nanotubes can be rigorously controlled simply by adjusting the
ring size of the peptide subunit employed. In thisstudy we present
the design and synthesis of a 12-residue cyclic peptide structure
and document its utility in the construction of nanotube ensembles
having a uniform 13-A van der Waals pore diameter. Formation
of the tubular structures is supported by high-resolution imaging
using cryo electron microscopy, electron diffraction, Fourier-
transform infrared spectroscopy, and molecular modeling.

According to our design principles, cyclic peptide structures
which are made up of an even number of alternating p- and
L-amino acid residues can adopt or sample a flat ring-shaped
conformation in which all backbone amide functionalities lie
approximately perpendicular to the plane of the ring structure.
In this conformation, the peptide subunits can stack, under
favorable conditions, to furnish a contiguous hydrogen-bonded
hollow tubular structure (Figure 1). The internal diameter of
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Figure 1. Schematic representation of the strategy employed in the
construction of self-assembled nanotubes. Appropriatelydesigned cyclic
peptide subunits, under suitable conditions, stack to form hydrogen-bonded
tubular structures (for clarity only the backbone structure is represented).
The ring size of the subunit sets the internal diameter of the tubular
ensemble. The chemical structure of the subunit is shown on the top
right (D or L refers to the amino acid chirality).

L e
Figure 2. (a) Low-magnification electron micrograph of nanotube
suspensions adsorbed on carbon support film (scale bar, 1 um). (b) Low-
dose image of a frozen hydrated single nanotube particle (for methods,

see ref 1). Longitudinal striations which are approximately 25 A apart
are due to the side-by-side packing of nanotubes.

the nanotube ensemble can, in principle, be tailored by adjusting
the ring size of the peptide subunit employed. In this study we
will describe the largest pore diameter peptide-based nanotube
structure thus far constructed by utilizing the following 36-
membered-ring peptide subunit cyclo[(Gln-D-Ala-Glu-p-Ala),].
The design principles and the self-assembly strategy employed
in this study are similar to those described previously.! The
requisite peptide subunit was synthesized on a solid support” and
characterized by mass spectrometry and '"H NMR spectroscopy.
Controlled acidification of alkaline solutions of the peptide subunit
upon standing afforded rod-shaped crystalline materials.! Trans-
mission electron microscopy indicates that each particle is an
organized bundle of tightly packed nanotubes (Figure 2). Low-
dose cryo microscopy® revealed longitudinal striations with spacing
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of approximately 25 A as expected for the center to center spacing
for closely packed nanotubes (Figure 2b). Electron diffraction
patterns display axial spacing of 4.80 A, which is in agreement
with the peptide stacking and the formation of a tight network
of hydrogen-bonded S-sheet type structure. The electron dif-
fraction patterns display meridional spacings of 12.67 + 0.06 A
and 21.94 & 0.05 A, characteristic of a hexagonal body centered
packing of nanotubes.® The diffraction patterns also showed a
unit cell with an angle of 99° and no symmetry other than the
center of symmetry due to Friedel’s law. In a fashion analogous
to our previous study,! using the parameters obtained from the
electron diffraction patterns—unit cell witha = 9.6 A (2 X 4.80
A for the antiparallel dimer), b = ¢ = 25.66 A (2 X 12.67/(sin
99)), @ = 120°, and 8 = v = 99°—a three-dimensional model
of the nanotube structure was built (Figure 3). The model shows
structure factors similar to the patterns observed in the electron
diffraction, thus supporting the proposed three-dimensional model.
Involvement of an intermolecular hydrogen-bonding network in
the tube assembly is also supported by FT-IR spectroscopic
analysis.'® Nanotubes display characteristic IR features of a
B-sheet structure signified not only by the amide I bands at 1626
and 1674 cm! and an amide II band at 1526 cm™ but also by
the observed NH stretching frequency at 3291 cm™! supporting
formation of a tight network of hydrogen bonds.!! The observed
frequency of the NH stretching mode correlates to an average
intersubunit distance of 4.76 A, which is in close agreement with
the value of 4.80 A obtained independently from the electron
diffraction patterns.

In summary, we have demonstrated that the pore size of the
self-assembled organic nanotubes can be simply adjusted by the
ring size of the peptide subunit employed. The ability to design
specifically sized tubular nanostructures is expected to have
important applications in catalysis, inclusion chemistry, and
molecular electronics.
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Figure 3. Three-dimensional model of the self-assembled nanotubes (see
text and ref 1 for more detail about model building). Views of the crystal
packing are shown along (A) the g-axis (for clarity, each nanotube is
represented only by the local 2-fold dimer) and (B) the c-axis. The unit
cellisindicated by the dashed lines and the local 2-fold axis by the asterisk.
The unit cell has the dimensions a = 9.6 A, b = ¢ = 25.66 A, a = 120°,
and B = v = 99°, The positions of the side chains in this model are
arbitrary. The tube axis is along a.
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