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Diameter and wall thickness of self-assembled peptide nanotube of cyclo[(-D-Ala-L-Ala)4-] were characterised by molecular
simulation. In order to verify the existence of peptide nanotube of cyclo[(-D-Ala-L-Ala)4-], cyclo[(-D-Ala-L-Ala)4-] was
firstly synthesised through Fmoc solid-phase synthesis method and then self-assembled in trifluoroacetic acid. Based on the
results of experiment, the single nanotube structure was further characterised by molecular dynamics (MD) employing
the COMPASS force field. The results indicate that cyclo[(-D-Ala-L-Ala)4-] is self-assembled into nanotube bundles of
about 0.5mm in diameter and 10mm in length; the inner and outer diameter of the single nanotube is 8.5 and 15.9 Å,
respectively, and the nanotube wall thickness is 3.3 Å.
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1. Introduction

In recent years, extensive work has been done on cyclic

peptide nanotubes (SPNs) due to their specific structure

and function, which are suitable for applications in

biology, chemistry and materials science [1–5].

In 1974, on the basis of investigations of the structural

characteristics of linear polypeptides, De Santis [6]

predicted the possibility of forming cylindrical structures

from D,L-cyclic peptides. In 1993, Ghadiri and his group

[7,8], for the first time, synthesised the hollow tubular

structures. Subsequently, a number of investigations

into cyclic peptide nanotubes have reported their synthesis,

characterisation and specific functional applications [9–12].

These studies highlight the usage of cyclopeptide nanotubes

as models for mimicking biological channels, as molecular

adapters for a pore-forming protein, and as transport

vehicles in drug delivery systems and other nanostructural

materials [13–15].

While cyclopeptide nanotubes are prone to congregate,

it is difficult to characterise their structures and properties.

Therefore, some investigators adopted N-alkylation

substituents on alternating amino acid residues to stop

the self-assembly at the cyclopeptide dimer stage to

increase the solubility [16,17]. Although the structure and

properties of the dimers, which represent some structural

features and properties of the cyclopeptide nanotubes, can

be quickly obtained by this method, it has not been

confirmed in experiment whether the cyclic peptides can

stretch to a longer nanotube, and the character of a single

nanotube is also unreported.

Since D,L-Ala cyclopeptide nanotube has the

simplest structure, it is important to investigate its structure.

In this study, we synthesised peptide of cyclo[(-D-Ala-L-

Ala)4-] through Fmoc solid-phase synthesis method and the

cyclopeptide nanotube via self-assembling. Themorphology

and structure of the self-assembled cyclopeptide nanotubes

were explored by mass spectrometry (MS), Fourier trans-

form infrared spectroscopy (FT-IR) and scanning electron

microscopy (SEM). Furthermore, the molecular structure of

the single cyclo[(-D-Ala-L-Ala)4-] nanotube was character-

ised by molecular dynamics (MD) modelling based on the

COMPASS force field. It is hoped these results may provide

evidence for the design and application of the cyclic peptide

nanotubes.

2. Experiment and simulation

As shown in Figure 1, D,L-Ala linear multipeptide was

synthesised by Fmoc solid-phase peptide synthesis method

[18], and then cyclised in a dilute solution to reduce

the subsidiary [12,19]. The dried cyclic peptides were

redissolved in neat trifluoroacetic acid and self-assembled

into nanotubes at room temperature for 48–72 h [20].

All reagents are commercially available and used without

further purification.

The characterisation of MS is recorded on an Agilent

1100 LC-MS. Positive and negative scan patterns were

adopted with ionisation source ESI. FT-IR is recorded at

298K on Nicolet Nexus 470 by using solid tablet with
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Figure 1. Synthesis of cyclo-[L-Ala-D-Ala-]4 and self-assembly of nanotubes.
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KBr. SEM is operated on a S-4700 after the sample is

sprayed with gold for 8–10min.

An infinite single nanotube model with three-

dimensional periodical boundary is built to investigate

the detailed structure of single nanotube.

Firstly, a single nanotube composed of 10 peptide rings

was built with antiparallel rings arrangement; between

neighbouring rings there are eight intermolecular H-bonds.

Previous investigations have shown that cyclic peptides

adopt a flat ring-shaped conformation with groups of

CvO and NZH roughly perpendicular to the ring plane.

Such conformation facilitates the rings stacking together

to form a hollow tubular structure by means of inter-ring

H-bonds. There are two stacking arrangements in the

nanotube: one is parallel and the other is antiparallel. Since

almost all studies indicate that the antiparallel arrangement

is dominant [7,21], we stack the rings together antiparallel.

The model was optimised with molecular mechanics

(MM). The maximum deviation of root mean square

gradient was 0.001 kcal/mol. Atomic-based summation

method was used to calculate the long-range van der

Waals interactions and the electrostatic interactions.

Spline width, cut-off distance and buffer width are 1, 9.5

and 0.5 Å, respectively.

Then, the single nanotube was put in a three-

dimensional periodical boundary box, with the axis of the

nanotube parallel to axis-a. Lattice-a is equal to the length of

nanotube so that the terminal rings can be hydrogen bonded

with the other rings in their neighbouring cells. Thus, the

nanotube will stretch to a single infinite nanochannel when

they repeat along axis-a. Lattices b and c are set to 30 Å, and

angles a, b and g are set to 908, respectively. The infinite

single nanotube model is also optimised by MM, and the

optimised model is shown in Figure 2.

MD simulation of 2 ns was performed to the model

using the NVT ensemble with a time step of 1 fs at 298K,

and a Nose thermostat was employed to keep the

temperature of the system constant during MD [22].

Ewald method was used to calculate the long-range

interactions with an accuracy of 0.001 kcal/mol and update

width of 3 Å. Every 1000 fs, the molecular structure was

stored in the trajectory file for analysis.

All the simulation work is conducted with Materials

Studiow software (Accelrys Inc., San Diego, CA, USA) on a

sgi3800 origin sever using a COMPASS force field [23–25].

3. Results and discussion

3.1 Structure and morphology of nanotubes

The results of MS, FT-IR and SEM are shown in Figure 3.

The mass of cyclo[(-D-Ala-L-Ala)4-] is 586.8. MS

spectrum shows a peak at 585.3 (Figure 3(a)), correspond-

ing to the mass of cyclo[(-D-Ala-L-Ala)4-], indicating the

existence of cyclo[(-D-Ala-L-Ala)4-]. In the nanotube, the

peptide ring stacks together by means of H-bonds, which

pertain to the protein b-sheet arrangement. The b-sheet

nature of the hydrogen bonding is supported by FT-IR

spectra recorded in nanotube (Figure 3(b)), which displays

amide I and II bands at 1631.68 and 1535.98 cm21,

respectively (positions for typical b-sheets [26]). Hydro-

gen bonding by NZH is further supported by amide A

bands near 3276.73 cm21 [27–29], while a band that

appears at 3448.5 cm21 may correspond to the NZH bond

of the cyclopeptide monomer [30]. These characters are

similar to those found in nanotubes and dimers composed

of D,L-cyclic peptides [7,8,22].

SEM shows the morphology of self-assembled cyclo[(-

D-Phe-L-Ala)4-] nanotube (Figure 3(c)). It can be found

that the nanotubes formed predominantly bundles with

0.5mm in diameter and 10mm in length, which is

composed of parallel nanotubes.

As discussed above, data from MS and FT-IR

confirmed that the [(-D-Ala-L-Ala)4-] cyclopeptide has

been synthesised and self-assembled into nanotubes.

Figure 2. The optimised infinite single nanotube model. (a) Top view and (b) side view.
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3.2 Structure of single nanotube

Although single nanotubes in the bundle are parallel to

each other, it is still difficult to measure the diameter of a

single cyclopeptide nanotube in experiment. MD simu-

lation provides a microscopic picture at atomistic level;

some information of single nanotube can be obtained from

MD trajectories.

Information derived from MD trajectories is mean-

ingful only at equilibrium. There are two criteria to

determine whether the system reached equilibrium: one is

energy and the other is temperature. In our simulation, the

energy and temperature have rapidly reached equilibrium

at about 1000 fs. The energy vibrates in range of

800–900 kcal/mol, and the temperature vibrates in range

of 260–300K, respectively.

In MD simulation, lengths of both lattice-b and -c

(b ¼ c ¼ 30 Å) in the initial model are much longer than

the nanotube diameter; this ensures the nanotube is not

affected by the periodic image. In the initial model, the

resulting length of the nanotube after MM is 48 Å, and the

average distance between centroids of neighbouring rings

is 4.8 Å, which agrees with that of other cyclic peptide

nanotube [9]. In addition, the hydrogen-bonding distance

(NZO) between neighbouring peptide rings is 2.9–3.1 Å,

which is in accord with the experiment results as well [31].

These mean that the initial model used in MD simulation is

reasonable.

During MD simulation, the cyclic peptides are

hydrogen bonded by eight H-bonds in each neighbouring

rings, and the distances between centroids of neighbouring

rings vibrate in the range of 4.5–5.2 Å. This shows that the

nanotube is very stable. Moreover, the distances between

centroids of neighbouring rings are also in good agreement

with the results of the experiment [9].

Diameter of the nanotube is measured from the profiles

of concentration distribution of lateral nanotube (Figure 4).

The two main peaks in each profile attribute to atoms of

backbone. The inner diameter is the distance between the

Figure 3. Structure and morphology of self-assembled nanotubes of cyclo[(-D-Ala-L-Ala)4-]. (a) MS spectrum, (b) FT-IR spectrum and
(c) SEM image.
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twomain peaks, the outer diameter is the width of the profile

and the nanotube wall thickness is obtained from the

difference of inner and outer diameters. It can be seen from

Figure 4 that the inner diameter is 8.5 Å, which corresponds

to the values of other cyclic peptide nanotubes with the

same number of amino acid residues [32], and the outer

diameter is 15.9 Å, which is less than that of other cyclic

peptides with larger side-chain groups [7], and the thickness

of nanotube wall is 3.3 Å.

4. Conclusions

In conclusion, cyclo[(-D-Ala-L-Ala)4-] peptide is syn-

thesised through Fmoc solid-phase synthesis and self-

assembled into nanotube bundles with 0.5mm in

diameter and 10mm in length. Molecular modelling

results show that the internal diameters of the single

cyclo[(-D-Ala-L-Ala)4-] nanotube is 8.5 Å and the outer

diameter is 15.9 Å. The thickness of the nanotube wall

is 3.3 Å.
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