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Abstract. Cyclic D, Z-a-peptides can be designed to spontaneously partition into lipid and cell membranes where they self-
assemble into membrane-permeating nanotubes and result in disruption of membrane potentials leading to rapid cell death. 
The self-assembly of the flat ring-shaped cyclic D, Z-a-peptides in lipid membranes is based on the formation of 
intermolecular hydrogen-bonds through the perpendicular backbone amide groups. Single channel conductance 
measurements and proton-transfer assays have demonstrated the ability of such constructs to act as trans-membrane channels 
while dye-release assays have been employed to determine the pore size created by the self-assembled structures. The 
dynamics of the self-assembly of pyrene-labeled cyclic peptides into nanotubes in lipid membranes were monitored through 
the change in the fluorescence of pyrenes and the bio-activity is studied through MIC assays. 
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INTRODUCTION 

Cyclic peptides made up of an even number of alternating D- and L-a-amino acid residues adopt flat ring-shaped 
conformations in which all amide backbone functionalities reside approximately perpendicular to the plane of the ring 
structure. In this conformation, the spatial disposition and juxtaposition of amide hydrogen-bond donor and acceptor 
sites on either side of the ring structure allows the peptide subunits to stack under conditions that favor hydrogen 
bonding to form uniformly-shaped and contiguously hydrogen-bonded /S-sheet-like nanotube ensembles (Figure 1). [1-
14] All peptide side chains lie on the outside of the tube due to steric considerations and the alternating amino acid 
configuration. By appropriate choice of amino acid sequence, cyclic D, L-a-peptides can be designed to spontaneously 
partition into lipid membranes and self-assemble into functional pores that enable ion and small molecule transport 
across the membrane. [2,3,14]. 

CHRACTERIZAION OF NANOTUBES 

Solid-State Peptide Nanotubes 

The internal diameter of cyclic D, L-a-peptide nanotubes can be controlled by simply varying the size of the peptide 
ring. The aggregates formed by octapeptide cyclo[-(l-Gln-d-Ala-l-Glu-d-Ala)2-] has a van der Waal internal diameter of 
7 A while that of cyclo[-(l-Gln-d-Ala-l-Glu-d-Ala)3-] is 13 A. [14, 15] The microcrystalline aggregates formed by 
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controlled acidification of the former were thoroughly examined by electron microscopy, electron diffraction, FT-IR 
spectroscopy, and crystal structure modeling. These analyses strongly support the formation of the expected structure in 
which the ring-shaped subunits stack to form hollow tubes. The unit cell parameters of solid-state nanotubular 
assemblies, obtained from cryoelectron microscopy and electron diffraction analyses, are in full agreement with the 
expected tubular structures of cyclic octapeptides. [6] Finally, the high stability of the aggregates formed from the cyclic 
D, Z-a-peptide subunits and their low solubility suggests significant cooperative self-assembly process of the 
monomeric units [14]. 
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FIGURE 1. Schematic representation of the self-assembly of cyclic D, Z-D-peptides. (Side chains were removed for clarity) 

Self-Assembling Peptide Nanochannels 

Cyclic D, Z-a-peptides bearing appropriate hydrophobic side chains partition into nonpolar lipid bilayers and self-
assemble to form nanochannels. Single-channel conductance measurements, glucose transport studies and fluorescence 
proton-transport assays have demonstrated the ability of such constructs to act as transmembrane channels. [2,3,14] The 
self-assembling ion channels of cyclic octapeptides display transport activities also for Ff", K+ and Na+. 

The analysis of spectroscopic results of polarized attenuated total reflectance (ATR) and transmission Fourier 
transform infrared (FT-IR) of the complexes formed from multiple lipid bilayers and peptides supports this model of the 
peptide nanotubes as the active channel species. [9] The pore size created by the self-assembled structures has also been 
studied using dye-release assays.[13] All these studies have indicated that the mode of membrane permeation depends 
upon the amino acid sequence comprising the cyclic D, Z-a-peptide units. 

Fluorescence Studies of the Self-Assembly of Pyrene-Peptides 

Pyrene units are utilized as the spectroscopic handle to monitor the self-assembly of cyclic D, Z-et-peptide rings. 
Monomer pyrenes exhibit characteristic fluorescence emission (Xcm = 397 nm) upon excitation with UV light (XCK = 340 
nm). However, cofacial interaction between one pyrene ring in its excited state with a second ring in its ground state at a 
3.5 A distance leads to quenching of the monomer fluorescence and the formation of excimers (km = 470 nm). [16] 
Since the inter-unit separation distance of cyclic D,L-a-peptides assembled via /S-sheet interactions is 4.8 A, the 
assembly of pyrene-modified cyclic peptides places the pyrene rings in close proximity and enhances the formation of 
the excimer (Figure 2). 

Solutions of pyrene-labeled cyclic peptides exhibit fluorescence spectra characteristic of monomer pyrene. Upon the 
introduction of a lipid bilayer, initial enhancement in the pyrene monomer fluorescence is observed due to the partition 
of the peptides into the hydrophobic membrane. As time progresses, a decrease in the monomer emission at 397 nm 
concomitant with an increase of the excimer emissions at 470 nm is noticed (Figure 3). This increase in the excimer 
emission provides evidence that the peptides self-assemble slowly upon partitioning into the membrane. The rate and 
the extent of the self-assembly of these peptides increase as the peptide-to-lipid ratio increases. This suggests that the 
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self-assembly of the pyrene-labeled cyclic peptides is a corporative process in which the partition and the assembly are 
concurrent processes at high peptide-to-lipid ratios. 
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FIGURE 2. The self-assembly of pyrene-labeled cyclic D, Z-a-peptides. 

FIGURE 3. Fluorescence spectra of c[QXHRWLWK] (5uM) before (black) and after the addition of lipid bilayer (20 molar 
equivalence of 9:1 DMPC/POPS) by 1 min (blue) and 20 mins (red). 

ANTIBACTERIAL ACTIVITY OF CYCLIC D, L-ot-PEPTIDES 

In the presence of various microbial, bacterial, and other cellular systems, self-assembling cyclic D, Z-a-peptides 
have shown the ability to disrupt membrane potentials, leading rapidly to cell death.[13] The activity and selectivity of 
this behavior is strongly dependent upon the amino acid sequence of the cyclic D, Z-a-peptide units (Table 1). 
Minimum inhibitory concentration assays have determined the relative activity of respective derivatives, and 

197 

Downloaded 25 Aug 2007 to 69.20.60.74. Redistribution subject to AIP license or copyright, see http://proceedings.aip.org/proceedings/cpcr.jsp



fluorescence depolarization studies have indicated that such activity coincides with disruption of the transmembrane 
potential gradient. 

TABLE 1. Minimum Inhibitory concentration (ug/mL) vs the indicated bacteria strain. 
Peptide* MRSA E. coli 

c[KQRWLWLW] 6 80 
c[KSKWLWLW] 5 40 
c[KKKWLWLW] 7 80 
c[KXKRWLWR] 25 > 40 
c[QXHRWLWK] 12.5 > 40 

*Single letter codes for amino acids and shorthand representation of cyclic peptide sequences are used. The brackets indicate cyclic 
structure and underlining represents D amino acid residues; X = pyrene-CH2CO—Lys. 
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